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Secondary electron generation on the surface of encapsulated gamma sources can
play a large role in the dose measured near the surface of the encapsulation. The
National Council on Radiation Protection and Measurements (NCRP) Report - 40
contains contact dose rate conversion factors for encapsulated gamma sources, along
with recommended secondary electron correction factors. However, the secondary
electron correction factors were based on experiments done in the 1930s and 1940s
with encapsulated radium sources, and the correction factors for the other sources
in NCRP-40 were estimated based on these radium measurements. Simulations have
been done using the state-of-the-art Monte Carlo radiation transport code PHITS
(Particle and Heavy Ion Transport code System), to calculate the contact dose rate
conversion factors for all of the encapsulated gamma sources presented in NCRP-40,
taking into account the dose from both gamma rays and secondary electrons. These
simulations show that the contact dose rate conversion factors are actually much
lower than those presented in NCRP-40. The simulations also demonstrate that the
relative contribution of secondary electrons to the contact dose is significantly higher
than what is predicted by NCRP-40. In addition to this computational work, the
experiment that was used to determine the secondary electron correction factors for
NCRP-40 was investigated. This experiment involved measuring the radiation field
near an encapsulated radium source with an ion chamber, and using a magnetic field
to separate the secondary electrons from the gamma radiation. A modernized version
of this experiment was designed, and used to show that secondary electron correction
factors measured with this type of setup were not applicable to the geometry of tissue
in direct contact with the encapsulation.
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Radiation can be classified as either non-ionizing or ionizing. Non-ionizing radiation,
such as microwaves, is not able to ionize atoms. Whereas, ionizing radiation is capable
of ionizing the atoms in a material either directly or indirectly. Directly ionizing radi-
ation consists of charged particles, such as electrons or protons, that deposit energy in
a medium due to direct Coulomb interactions between the charged particle radiation
and the electrons orbiting the atoms in the medium. Indirectly ionizing radiation
consists of neutral particles, such as photons and neutrons. For neutral particles to
deposit their energy in a medium, the neutral particle first causes the release of a
charged particle in the medium. For example, a photon could generate an electron
in the medium through Compton scattering. These secondary charged particles then
go on to deposit energy in the medium through direct Coulomb interactions between
the charged particle and electrons orbiting the atoms in the medium [13].
The exposure of living tissue to ionizing radiation can be of concern, since ionizing
radiation can cause single or double strand breaks of DNA molecules, leading to cell
damage or cell death. For this reason, it is important to understand and quantify the
radiation fields expected, when working with a given radioactive material.
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The focus of this thesis are the radiation fields present at the surface of encapsulated
gamma sources. These radiation fields consist of primary gamma radiation, and sec-
ondary electrons that are generated from photon interactions within the encapsulating
material.
This Chapter provides a background on encapsulated gamma sources, and the current
method of contact dose estimation using dose conversion factors from NCRP-40. In
addition to this, mechanisms of secondary electron production through gamma ray
interaction are also discussed, along with the thesis objectives and a thesis outline.
1.1 Background
Gamma sources that are used in research and industrial applications are often con-
tained inside a metal encapsulation. The purpose of encapsulating the gamma emitter
is usually to physically contain the radioactive material and block other radiation, such
as α or β particles, that are also emitted from the source, so that only the gamma ra-
diation escapes the encapsulation. However, the gamma rays will produce secondary
electrons as they pass through, and interact with the encapsulating material.
When interacting with a material, such as human tissue, electrons deposit their energy
over a much shorter distance when compared to gamma rays. This due to the fact
that electrons are charged particles, and directly interact with the atoms in human
tissue through Coulomb forces. Whereas gamma rays are neutral, and are therefore
not affected by Coulomb forces. Since electrons deposit their energy in tissue over very
short distances, the secondary electrons emitted from an encapsulated gamma source
can have a significant impact on the dose measured at the surface of the encapsulation.
When an encapsulated gamma source is involved in a radiation injury, it is usually
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from accidental contact between the skin of the victim and the surface of the en-
capsulation. Therefore, the dose received is from a combination of both the primary
gamma rays emitted by the source, and the secondary electrons that are generated in
the encapsulation. In these accidents, accurate dose estimation is crucial for proper
treatment of the injury.
The 1972 report published by the National Council on Radiation Protection and Mea-
surements titled Protection Against Radiation from Brachytherapy Sources (NCRP-
40), is often used in the estimation of contact dose received from an encapsulated
gamma source post accident. This report contains contact dose rate conversion factors
for four encapsulated gamma sources, 137Cs, 60Co, 192Ir, and 226Ra. These contact
dose rate conversion factors only take the primary gamma radiation into account.
However, NCRP-40 provides a secondary electron correction factor that is to be ap-
plied to the dose conversion factors in order to account for the dose from secondary
electrons that are generated in the encapsulation.
The secondary electron correction factor presented in NCRP-40 was determined by
experiments conducted in the 1930’s with radium. These experiments were related
to the application of radium brachytherapy, whereby an encapsulated radium source
would be placed inside the body of a cancer patient in close proximity to cancerous
tissue. The goal of this treatment was to use the radiation from the radium source
to damage the DNA in the cancerous tissue, and stop the division of the cancer
cells. NCRP-40 uses the secondary electron correction factor from these experiments
for the radium contact dose conversion factor, and then presents a possible range
of secondary electron correction factors for the other three nuclides in the report.
This is especially problematic since 137Cs, 60Co, and 192Ir are now more commonly
used industrial sources than 226Ra. Therefore, there is a need to update the contact
dose conversion factors from NCRP-40, using modern experimental techniques and
3
computational software.
1.2 Mechanisms of Secondary Electron Production
Secondary electrons can be generated in a material encapsulating a gamma source via
three different mechanisms. These mechanisms are the photoelectric effect, Compton
scattering, and pair production.
The photoelectric effect is a process by which a photon is absorbed by an atom, and
an electron, which is sometimes referred to as a photoelectron, is ejected from one of
the atom’s bound shells. The kinetic energy of the ejected electron is given by the
difference between the energy of the incident photon and the binding energy of the
shell where the electron was ejected from (Equation 1.1) [3].
Ee− = Eγ − Eb (1.1)
The cross-section for the photoelectric effect (σpe) depends both on the energy of the
incoming photon, and the atomic number (Z) of the absorbing material. Figure 1.1
shows the photoelectric cross-section for lead as a function of incident photon energy.
The photoelectric cross-section is highest at low photon energy values. There are
also discontinuities in Figure 1.1 called absorption edges. These absorption edges
correspond to photon energies below which it is impossible to eject certain electrons
from the atom. For example, the K edge occurs at the energy below which a photon
cannot eject a K-shell electron from the atom. In this case, the photon energies are
less than the binding energy for a K-shell electron.
Equation 1.2 shows the dependance of the photoelectric absorption cross-section on
the atomic number. The exponent n is a value between 4 and 5, depending on the
4
Figure 1.1: Photoelectric cross-section of lead as a function of incident photon energy
[2]
energy of the incident gamma ray [3]. The photoelectric effect is the predominant
interaction mechanism for low energy gamma rays, and is enhanced in absorbing
materials with high atomic numbers [2].
σpe ∝ Zn (1.2)
Compton scattering is essentially the elastic scattering of a photon by an electron.
When a secondary electron is generated via Compton scattering, the incident photon
transfers a portion of its energy to the electron, and the photon is then scattered at an
angle of θ with respect to its initial direction. The energy of the scattered photon can
be calculated using Equation 1.3, where m0c
2 is the rest mass energy of an electron,
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hν is the incident photon energy, and hν ′ is the scattered photon energy. A schematic





(1− cos θ) (1.3)
Figure 1.2: Compton scattering [3]
The cross-section for Compton scattering is linear with respect to the atomic number
of the absorbing material. The Compton scattering cross-section for an atom is the
product of the number of electrons in the atom (i.e. the atomic number), and the
Compton scattering cross-section per electron (eσC)(Equation 1.4) [2].
σC = ZeσC (1.4)
The Compton scattering cross-section per electron decreases with increasing photon
energy. The maximum value for the Compton scattering cross-section per electron is
0.665 b, which occurs at the limit where the incident photon energy approaches 0 MeV,
and is referred to as the Thompson cross-section (σT ). The Compton scattering cross-
section per electron is shown in Figure 1.3.
In terms of directional dependance for Compton scattering, the angular distribution
6
Figure 1.3: Compton scattering cross-section per electron as a function of incident
photon energy [2]
of scattered photons is given by the Klein-Nishina formula (Equation 1.5) [3]. This
formula gives the differential scattering cross-section dσ
dΩ
, as a function of the scattering
angle θ. Here α = hν
m0c2







1 + α(1− cos θ)
)2(





(1 + cos2 θ)[1 + α(1− cos θ)]
)
(1.5)
A polar plot of the Klein-Nishina equation is shown in Figure 1.4 for various incident
photon energies. The plot shows that as the incident photon energy increases, there
is a greater likelihood of forward scattering.
If a photon has sufficient energy, it can undergo pair production as it interacts with
the nuclear field of an atom. In pair production, the photon disappears and is replaced
by an electron-positron pair. Pair production can only occur if the incident photon
has an energy of at least two times the rest mass energy of an electron (1.02 MeV) [3].
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Figure 1.4: Polar plot of the number of photons incident from the left that are Comp-
ton scattered into a unit solid angle at the scattering angle θ [3]
Therefore, secondary electrons will not be generated by pair production in encapsu-
lated sources that have gamma energies below 1.02 MeV. The cross-section for pair
production increases at a fairly uniform rate with increasing energy (Figure 1.5). In
terms of the Z dependance, the cross section increases quadratically with Z (Equation
1.6).
σpp ∝ Z2 (1.6)
All three of the above processes can generate secondary electrons in encapsulated
gamma sources. However, which process is the dominant producer of secondary elec-
trons depends both on the energy of the gamma rays emitted by the source, and the
atomic number of the encapsulating material. Figure 1.6 shows which of the three
process is the dominant producer of secondary electrons for varying gamma energies
and encapsulating materials.
The curve on the left side of Figure 1.6 corresponds to the energies and absorber
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Figure 1.5: Pair production cross-section of lead as a function of photon energy [2]
materials where the photoelectric effect and Compton scattering are equally proba-
ble. Similarly, the curve on the right side of Figure 1.6 corresponds to the energies
and absorber materials where Compton scattering and pair production are equally
probable.
Even though it is possible to have pair production occur above gamma energies of
1.02 MeV, pair production is not the dominant secondary electron production mech-
anism for typical radionuclide gamma energies. Most gamma rays emitted by ra-
dionuclides are in the energy range of hundreds of keV to a few MeV. Therefore, the
dominant mechanism of secondary electron production for most encapsulated gamma
sources will be Compton scattering. However, the photoelectric effect will be domi-
nant at very low photon energies and absorber materials with high atomic numbers.
9
Figure 1.6: Dominant method of secondary electron production depending on gamma
energy and atomic number of absorbing material [3]
1.3 Thesis Objectives
The goals of this thesis are to obtain more accurate contact dose conversion factors
for the encapsulated gamma sources listed in NCRP-40, and to determine the validity
of the experimental technique used to obtain the secondary electron correction factors
that are also presented in NCRP-40.
The Monte Carlo code PHITS will be used to calculate the contact dose conversion
factors for the NCRP-40 sources. Secondary electron correction factors will also be
calculated for each source specifically, so that each source will have an accurate cor-
rection factor, instead of the wide range of correction factors presented by NCRP-40.
Additionally, the relationship between secondary electron emission, and the encap-
sulating material will be investigated through PHITS simulations for all four of the
sources listed in NCRP-40, as previous research on this topic was focused exclu-
sively on encapsulated 226Ra sources. Contact dose conversion factors and secondary
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electron correction factors will also be calculated for additional sources that are not
currently listed in NCRP-40. Since NCRP-40 was published, there are now many
more encapsulated gamma sources that are commonly used in research and industrial
applications. Finally, an experiment will be designed based on the historic radium
study that was used to determine the secondary electron correction factors presented
in NCRP-40. The purpose of this experiment will be to determine the validity of using
the results of the historic radium study as a secondary electron correction factor for
tissue in contact with the encapsulation.
The objectives of this thesis are summarized below:
 Determine contact dose conversion factors, and secondary electron correction
factors for encapsulated 137Cs, 60Co, 192Ir, and 226Ra sources using the encapsu-
lation model presented in NCRP-40
 Investigate how secondary electron emission changes with encapsulating mate-
rial for different sources
 Create an expansion to the contact dose conversion factor table in NCRP-40 by
adding more sources that are commonly used today
 Design a modernized version of the experiment that was used to determine
the secondary electron correction factor for an encapsulated 226Ra source, and
ascertain whether or not the results from such an experiment are applicable to
conditions at the surface of an encapsulated source
1.4 Thesis Outline
Chapter 1 of this thesis explains the need for updated contact dose conversion factors
for encapsulated gamma sources, along with an overview of the mechanisms by which
11
secondary electrons are produced by gamma rays, and a description of the thesis
objectives.
In Chapter 2, the literature related to contact dose from encapsulated gamma sources
is reviewed. This Chapter starts by presenting the contact dose conversion factors
from NCRP-40 that are currently used to determine contact dose, and then delves
into the studies that were used in developing the factors presented in NCRP-40.
Chapter 3 contains the results of the Monte Carlo simulations that were conducted
using PHITS. These include simulations to determine contact and deep dose conver-
sion factors using the same source model from NCRP-40, the effect of encapsulation
material on secondary electron production, and contact dose conversion factors for
additional radioactive sources that were not included in NCRP-40. For each contact
dose conversion factor that was calculated in Chapter 3, a corresponding secondary
electron correction factor was also calculated.
In Chapter 4, the experiment that was used as the basis for the secondary electron
correction factors in NCRP-40 is investigated. A modernized version of this experi-
ment was designed, and used to measure the secondary electron correction factor for
an encapsulated 137Cs source.
The conclusions of this thesis, along with recommendations for future work are pre-




This Chapter provides a review of the contact dose conversion factors that are pre-
sented in NCRP-40, with particular emphasis on the secondary electron correction
factors that NCRP-40 recommends for contact with various encapsulated sources.
The origin of the secondary electron correction factor presented in NCRP-40 is traced
back to an experiment conducted with an encapsulated radium source in the 1930s.
Radium experiments at this time were focused on the application of radium therapy
for interstitial cancer treatment. Other research publications from this time period
dealing with secondary electron generation in encapsulated radium sources were also
reviewed.
In addition to these early radium studies, a more recent study of secondary electron
generation in 99mTc syringes using a Monte Carlo code is examined. This 99mTc study
focused on secondary electron generation in the syringe wall, and the effect that this
has on the contact dose to the hands of nuclear medicine technologists handling these
syringes. This scenario is very similar to the focus of this thesis, in examining the
contribution of secondary electrons to a contact dose.
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Finally, a report on nine cases of radiation injuries to the hands of industrial radiog-
raphers, incurred from improper handling of encapsulated sources is reviewed. This
report shows how the information provided in NCRP-40 is used to estimate the doses
received by the victims of these accidents, and illustrates the need for accurate contact
dose conversion factors to allow for proper treatment planning.
2.1 Contact Dose Rate Conversion Factors
In 1972, the National Council on Radiation Protection and Measurements published
a report titled Protection Against Radiation from Brachytherapy Sources (NCRP-
40). This report outlines safe practices when using sealed radioactive sources in
brachytherapy. What is of particular interest for this research is the table of contact
dose conversion factors for various gamma emitting nuclides in an encapsulation. This
table lists the contact dose rates in Roentgen per minute (R/min) for encapsulated
137Cs, 60Co, 192Ir, and 226Ra sources. The sources are assumed to be point sources of
1 Ci (37 GBq) in a stainless steel (type 304) encapsulation that has an outer diameter
of 1/4 inch (0.635 cm) and a wall thickness of 1/32 inch (0.0794 cm). The table is
partially reproduced in Table 2.1.
Table 2.1: Approximate gamma-ray dose rates to the hand for 1 Curie in a sealed
source (modified from [1])
Nuclide β max (principle) MeV γ (principle) MeV Surface Dose Rate R/min
137Cs 0.51, 1.2 0.662 513
60Co 0.31 1.17, 1.33 2075
192Ir 0.67 0.468 813
226Ra 0.4-3.2 0.047-2.4 1310
In a footnote below this table in NCRP-40, it is mentioned that the total contact
dose rate for the encapsulated 226Ra source is 1900 R/min because of a 45% increase
due to secondary electron production in the stainless steel walls of the encapsulation.
14
A chapter titled “Dosimetry in implant therapy” from Radiation Dosimetry, Vol. 3
Sources, Fields, Measurements and Applications [4] is cited here by NCRP-40. The
footnote goes on to say that the increase in the surface dose rate due to secondary
electron production is estimated to be 25-45% for the other three nuclides in the table.
2.2 Dosimetry in Implant Therapy
Section E of the “Dosimetry in implant therapy” chapter in [4], contains a discus-
sion on secondary electron generation in the capsule wall of an encapsulated gamma
source. The authors present Figure 2.1, which shows the relative absorbed dose due to
secondary electrons that are produced by 226Ra gamma rays in the forward direction
from various materials.
Figure 2.1: Secondary electron contribution to the contact dose rate as a function of
encapsulating material for a 226Ra encapsulated source [4]
The relative absorbed due to secondary electrons, or secondary electron correction
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factor, is calculated using Equation 2.1. The doses used in Equation 2.1 are meant to
correspond to the dose in tissue at the encapsulation surface.
Relative absorbed dose due to secondary electrons =
γ dose + secondary electron dose
γ dose
(2.1)
Stainless steel is composed mostly of iron, and Figure 2.1 shows that for an iron en-
capsulation (atomic number 26), there is approximately a 45% increase in the surface
dose rate due to secondary electrons. This is why NCRP-40 states that secondary
electrons increase the contact dose rate by 45% for an encapsulated 226Ra source.
However, it is unclear why NCRP-40 estimates that this factor is 25-45% for the
other three nuclides, or how that range was calculated.
Figure 2.1 is based on early radium therapy studies that looked at how the production
of secondary electrons varies with encapsulation material. These papers are examined
in greater detail below.
2.3 Secondary Electron Production as a Function
of Encapsulation Material
2.3.1 Benner
Benner’s paper published in 1931, investigated the secondary electron radiation that
was emitted from the surface of radium containers used in radium therapy [5]. The
goal of this study was to determine which container materials would minimize the
secondary electron radiation emitted from radium therapy containers. Benner’s mea-
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surements of this secondary electron radiation were conducted for containers made
of various materials, using a specially constructed magnet and ion chamber. The
experimental setup is shown in Figure 2.2.
Figure 2.2: Schematic of Benner’s experimental setup (Modified from [5])
The magnet used in this experiment was a Helmholtz coil magnet, and the encapsu-
lated radium source and ion chamber were placed in the center of the magnetic field
between the two coils of current carrying wire. In a Helmhotz coil magnet, the direc-
tion of the magnetic field is perpendicular to the direction of the current loops, and
the magnetic field strength is proportional to the current. The magnetic field between
the source and the chamber was calculated by Benner to be 1850 Gauss, and was rela-
tively constant. The ionization current was measured by the ionization chamber first
with no magnetic field applied, which measured a combination of secondary electrons
and γ-rays. Current was then passed through the wires of the Helmholtz coils, gener-
ating a magnetic field between the source and the ion chamber. This magnetic field
deflected the secondary electron radiation away from the ion chamber, allowing for
the measurement of only γ radiation. These total (γ plus secondary electrons) and
gamma only measurements were then compared to determine the relative contribution
of the secondary electrons to the radiation field. These measurements were made for a
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variety of encapsulating materials, that ranged in atomic number from around 6 (cel-
luloid) to 82 (lead). Corrections for the measured ionization current were applied due
to the fact that not all of the secondary electrons would be deflected by the magnetic
field, and secondary electrons from various components of the experimental apparatus
would also be detected. These corrections to the measured ionization currents were
in the range of 6-14%.
The results showed that the minimum amount of secondary electron radiation oc-
curred for materials with atomic numbers between approximately 26 and 50 (iron to
tin). The results from Benner’s experiment are shown graphically in Figure 2.1 along
with experimental results from other studies.
2.3.2 Quimby
The results presented in [6] by Quimby et al. were also referenced in the chapter of
Radiation Dosimetry [4] which was in turn used as a reference by NCRP-40 (Figure
2.1). Quimby et al. conducted experiments to measure the amount of secondary
electrons produced by different materials encapsulating a radium source. Their ex-
perimental setup consisted of an encapsulated radium source inside an ion chamber,
where the metal encapsulation acted as the inner electrode of the ion chamber. A
schematic of the experimental setup is shown in Figure 2.3.
The response of the ion chamber was measured for four different encapsulation mate-
rials of equivalent shielding thicknesses. This meant that thicknesses of the materials
were such that they attenuated the gamma radiation from the radium source by the
same amount. These four encapsulation materials were catalin, aluminum, copper,
and gold. The authors described catalin as a celluloid like substance, with a com-
position of 64% carbon, 19% oxygen, 5% hydrogen, 9% moisture, and 2% ash where
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Figure 2.3: Experimental setup used by Quimby et al. (modified from [6])
the metal in the ash is sodium [6]. The results of the ion chamber responses were
not presented as absolute values, as was the case in Benner’s study, but were made
relative to the response measured for the catalin encapsulation. The results are shown
in Figure 2.4. The four data points from Quimby et al. were included in the curve
presented in [4] (Figure 2.1). However, because these data points are all relative to
catalin, the data point for the secondary electron emission from catalin in Figure 2.1
is the data point for celluloid which was measured by Benner. Catlin is described
in [6] as being a celluloid like substance. Both celluloid and catalin are composed
mostly of carbon and therefore have atomic numbers of approximately 6, and can be
considered equivalent when it comes to secondary electron emission.
Similar to Benner’s experiment, the results from Quimby et al. show that materials
of medium atomic number produce the least amount of secondary electrons. How-
ever, Quimby’s results are different from Benner’s in that materials with high atomic
numbers, such as gold, produce the greatest amount of secondary electrons. Benner’s
results showed that both materials of very low and very high atomic number produced
large, but relatively equal amounts of secondary electrons. Whereas, the results of
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Figure 2.4: Intensity of secondary electron radiation (relative to Catalin) as a function
of atomic number of encapsulation [6]
Quimby et al. show that the curve produced when plotting secondary electron emis-
sion as a function of atomic number, is not symmetric, and that high atomic number
encapsulation materials will produce the greatest secondary electron emission.
Quimby et al. also conducted an experiment to determine how secondary electron
radiation would be absorbed in tissue. Catalin sleeves which were either 0.5 mm or
1 mm thick were used as an approximation for tissue, and were placed over the the
metal or catalin inner electrodes of the ion chambers. These outer catalin sleeves then
became the inner electrodes of the chamber. These setups measured the response of
the ion chamber due to secondary electrons after these secondary electrons had passed
through either 0.5 mm or 1 mm of catalin, which served as an approximation for tissue.
Similar to the first experiment, the measurements for the aluminum, copper, and
gold encapsulations were presented relative to the catalin measurements. The results
are shown in Figure 2.5. They concluded that the differences in secondary electron
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production practically disappear after the secondary electrons have traveled about
1 mm into tissue, and therefore skin erythema and pigmentation are the results of
changes that occur within the first 1 mm of tissue.
Figure 2.5: Relative intensity of secondary electron radiation after passing through
catalin. Catlin was used here as an approximation for tissue [6].
In order to verify that encapsulations of medium atomic number produced the least
amount of secondary electrons, Quimby et al. also conducted skin irradiations on
human patients using encapsulated radon sources. The encapsulations were made of
the same materials that were studied in the previous experiments (catalin, aluminum,
copper, and gold), and were of equivalent shielding thicknesses. Each encapsulated
source was placed in contact with skin for an equal duration of time. The erythema
produced by each encapsulated source was observed, and the results matched those
of the ionization measurements, in that copper produced the least severe erythema.
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2.3.3 Mathematical Expression for Secondary Electron Emis-
sion
In a paper published in 1941 [14], Wilson derived a mathematical expression that
explained the trend observed by Benner and Quimby in the preceding papers. He
started with an expression for secondary electron emission that was previously derived
by another author. This expression is shown in Equation 2.2.





 W is the secondary electron emission
 I0 is the intensity of the incident gamma radiation
 r is the thickness of the shielding material
 σpe and σC are the photoelectric and Compton scattering cross sections respec-
tively
The above expression is valid when the shielding materials used are of equivalent
shielding thicknesses. Wilson then noted that to a first approximation, r is inversely
proportional to the density of the shielding material (ρ), and the equation could be
rewritten as follows.
W ∝ (σpe + σC)
ρ
(2.3)
After further manipulation, Wilson derived the following expression, which related
secondary electron production to the ratio of the atomic number Z and atomic weight
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A of the shielding material.




Equation 2.4 explains the trend found by Benner [5] and Quimby [6], where the
minimum secondary electron production occurs for shielding materials of mid-range
atomic numbers. As the atomic number of the shielding material increases, the Z
A
term
decreases and the (σpe + σC) term increases. Both the photoelectric and Compton
scattering cross-sections are dependent on the atomic number Z (see Equations 1.2
and 1.4). However, the photoelectric cross-section increases more rapidly with Z, and
therefore dominates the increase of the (σpe + σC) term.
For low atomic numbers, the decrease in the Z
A
term is greater than the increase in the
photoelectric effect cross-section. This leads to an overall decrease in secondary elec-
tron emission with increase in Z for low atomic number encapsulations. However, for
higher atomic number encapsulations, the increase in the photoelectric cross-section
is greater than the decrease in the Z
A
term. Therefore, secondary electron emission
increases with an increase in Z for high atomic number encapsulation materials. This
creates an overall trend where the minimum secondary electron production occurs
when the encapsulating material is made of mid-range atomic number material.
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2.4 Other Early Secondary Electron Experiments
2.4.1 Biological Experiments with Palladium and Platinum
Encapsulated Radium Needles
In 1935, Benner published a paper with Snellman which investigated the difference
in the biological effects between two radium needles with different filters [15]. The
two filters that were used in the experiment were platinum (Z = 78) and palladium
(Z = 46). In Benners 1931 paper discussed above [5], he suggested palladium as a
material for radium needle encapsulations. The atomic number of palladium falls into
the range that emit a minimum amount of secondary electron radiation (materials
with an atomic number between 26 and 50). In addition to this, Benner noted that
palladium has good mechanical properties and a relatively high density. Therefore it
would be possible to sufficiently filter the primary γ rays from a radium source using
palladium, without needing too thick of an encapsulation.
Experiments were performed where both types of radium needles (ones with a plat-
inum encapsulation and ones with a palladium encapsulation) were applied to human
skin and to rabbits ears. Both of these experiments showed less of a biological effect
for the palladium needles than for the platinum needles. This aligned with the pre-
dictions from Benners 1931 paper, in that the encapsulation material with a medium
atomic number (palladium) produced less secondary electrons than the encapsulation
material with a high atomic number (platinum).
A similar experiment was also done where both types of needles were inserted into the
livers of rabbits and rats. The results of this experiment showed no difference in the
biological effects produced by either needle type. This was due to the formation of a
necrotic zone around each needle. This necrotic zone was due to the mechanical effect
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that the needles had on the tissue, as this zone also appeared when an empty needle
was used. The necrotic zone in most of the experiments was found to be greater than
1 mm in thickness, which is thick enough to absorb most of the secondary electron
radiation from the radium needles.
2.4.2 Increasing Ion Chamber Wall Thickness to Eliminate
Secondary Electron Contribution
In 1937, Wilson also conducted experiments measuring the secondary electron produc-
tion in filters of differing material placed in front of a radon source [7]. Experiments
by other authors around that time showed that ionization chamber measurements
made close to radium sources were consistently in excess of calculated values. Wilson
hypothesized that the reason for this was that secondary electrons generated in the
metal filters of radium sources were being detected by the ionization chambers along
with the primary gamma radiation.
Wilson conducted several experiments with a thimble type ionization chamber made
of elektron metal (type of magnesium alloy) with a wall thickness of 0.5 mm, and a
gamma source that consisted of radon in glass capillaries. These glass capillaries were
then contained in a platinum tube with a 0.5 mm thick wall. Elektron metal sheaths
of various thicknesses were made to fit over the ion chamber, so that the wall thickness
of the chamber could be increased from the original 0.5 mm up to 6 mm.
For the first experiment, the ionization current was measured for various chamber
wall thicknesses between 0.5 mm and 6 mm, with differing filters between the source
and the chamber. Measurements were made with no filter, a copper filter, and a lead
filter. When the ion chamber wall thickness was at its smallest value (0.5 mm), the
ion chamber response was higher for the measurements with the filters compared to
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the measurement with no filter. Even though the filters would shield some of the
incident gamma radiation, the generation of secondary electrons was great enough
to still increase the ion chamber response. The lead filter produced more secondary
electrons than the copper filter, as the ion chamber response was higher with the lead
filter in place, even though lead is more dense than copper and would shield more of
the gamma radiation. This matched the predictions made by Benner and Quimby
et al., that lead would produce more secondary electron radiation than copper. As
the wall thickness of the ion chamber increased, the response measured with no filter
became greater than the response for the copper and lead filter measurements. As the
chamber wall thickness increased, it was able to block more of the secondary electrons
being emitted from the filters. The measured ionization as a function of the chamber
wall thickness is shown in Figure 2.6.
Figure 2.6: Measured ionization current as a function of ion chamber wall thickness.
A - no filter included, B - copper filter included, C - lead filter included [7]
In the second experiment, the same lead filter was used, except a hole was cut in the
filter that was the same size as the radon source. This ensured that no absorption of
the primary gamma radiation occurred in the filter. Measurements of the ionization
current were then made for varying chamber wall thicknesses with the filter placed
between the source and the chamber. The results of these measurements are shown
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below in Figure 2.7. The results showed that the elektron-metal wall of the ion
chamber needed to be at least 4 mm thick for the measured ionization to be the
same as the measured ionization with no filter. Wilson concluded that when using
an ionization chamber of light-atom material to measure gamma radiation in air, the
chamber will also measure secondary electron radiation from nearby metal parts if
the chamber walls are not at least 4.0 mm thick.
Figure 2.7: Elimination of secondary electron radiation by increasing ion chamber
wall thickness. A - no filter included, C - lead filter included [7]
2.5 Secondary Electron Generation in 99mTc Sy-
ringes
In [8], Tripathi investigated the contact dose delivered to the hands of nuclear medicine
technologists administering 99mTc injections using unshielded syringes. Tripathi used
a Monte Carlo code to calculate the dose to tissue at the surface of syringes containing
99mTc. Previous measurements of the skin dose from 99mTc syringes were done using
thermoluminescent dosimeters (TLDs) or films, where the dosimeters response to only
pure gamma fluxes were considered. However, just like in the case of an encapsulated
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gamma source, the surface dose is due to both gamma rays and secondary electrons
produced in the syringe wall.
Tripathi designed his own Monte Carlo code for this work, which took into account the
dose due to characteristic x-rays, gamma rays and beta particles, including secondary
electrons that are generated in the syringe wall. The dose rates at various tissue
depths were calculated using the Monte Carlo code, for both 1 ml and 5 ml syringes.
Tripathi generated a plot of the dose rate as a function of tissue depth, and this plot
is shown in Figure 2.8. The dose rate at the surface where the syringe is in contact
with the tissue was on the order of 105 mrads
mCi∗minute for both the 1 ml and 5 ml syringes.
However, the dose rate dropped off quickly in both cases as the tissue depth increased.
Tripathi notes that the dose rates that are important, are those to the active layer
of skin which is a few hundred micrometers deep. Tripathi then compared the dose
rates to the active layer of skin obtained by the Monte Carlo code to those measured
by TLDs and films. The dose rates to the active skin layer obtained with the Monte
Carlo code were about 3-6 times higher than the TLD and film measurements. This
was due to the fact that the TLD and film measurements were made in pure gamma
fields (i.e. without the presence of secondary electrons), whereas the Monte Carlo
code accounted for the production of secondary electrons in the syringe wall. Tripathi
concluded that it was possible that technologists were receiving doses to their hands
that were higher than the regulatory limit, and that appropriately designed syringe
shields were needed to protect technologists administering 99mTc injections.
99mTc (a low energy gamma emitter) in a plastic syringe is very similar to the concept
of an encapsulated gamma source. The fact that the Tripathi showed that contact
doses increased by 3-6 times due to secondary electron production, raises suspicions
about the validity of the 25-45% increase cited by NCRP-40. Tripathi’s study shows
that secondary electron production in a capsule wall can have a significant contribution
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to the contact dose, and the secondary electron component of the dose rate needs to
be properly accounted for in order to have accurate contact dose estimates.
Figure 2.8: Dose rate as a function of tissue depth at the surface of a 99mTc syringe
wall [8]
2.6 Clinical Significance
In [16] the authors look at nine cases of acute radiation injuries. All of these cases in-
volved injury to the hands of industrial radiographers from exposure to sealed sources
emitting either primary gamma radiation or beta radiation. Seven of the nine cases
involved gamma emitters, and these were either 60Co or 192Ir sources. In each of these
seven cases, the dose was estimated using NCRP-40 as a reference. The dose rate
was estimated based on the radionuclide involved in the accident, and the activity
of the source. The exposure time was also estimated as best as possible, and often
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re-enactments of the accident were used to help estimate the exposure time.
The clinical observations were recorded in each case, detailing the progression of the
injury. The treatment for each case varied, depending on the severity of the injury.
For the less severe cases, treatment involved cleaning the affected area and in some
cases applying antibiotic and steroid containing creams. In three of the nine cases,
the injuries were severe enough to require skin grafts. Two of these cases involved a
60Co source, and the other involved a 192Ir source.
This paper demonstrates the need for accurate dose conversion factors. Accurate dose
conversion factors will ensure that a biological effect is correctly attributed to a given




The Monte Carlo radiation transport code PHITS (Particle and Heavy Ion Transport
code System) was used for the simulation work in this thesis. In addition to being able
to simulate the collisions of various particles, PHITS can also simulate the motion of
charged particles under the influence of external magnetic fields. This capability to
simulate charged particles in external magnetic fields was the reason that PHITS was
chosen for this work, as it would be able to model and help design the experiment
discussed in Chapter 4.
This Chapter provides a brief explanation of how PHITS operates, along with more
details on the specific tallies and features that were utilized in this work. As a bench-
marking exercise, the specific gamma constants for the four nuclides listed in NCRP-40
were calculated with PHITS, and compared to accepted values. This benchmarking
provided a validation of the PHITS code, and assurance that the source terms used
for each nuclide were correct, as these same source terms were to be used in further
PHITS simulations.
The dose conversion factors that were listed in NCRP-40 for encapsulated 137Cs, 60Co,
31
192Ir, and 226Ra sources were calculated in PHITS, and compared to the NCRP-40
values. These included deep dose conversion factors at tissue depths of 1 cm and
3 cm, as well as contact dose conversion factors. The contact dose conversion factors
were calculated in PHITS for the first 0.07 mm of tissue, and the first 1 mm of tissue.
Secondary electron correction factors were also calculated for the contact dose in both
cases.
Secondary electron curves were generated for each of the four sources listed in NCRP-
40. These curves show how the secondary electron correction factor changes with
encapsulation material for each source. The shapes of the four curves are compared,
and the differences are explained based on the different effective gamma energies of
the encapsulated sources.
This Chapter concludes with a presentation of contact dose conversion factors for
many encapsulated gamma sources that were not listed in NCRP-40. These contact
dose conversion factors were calculated for both the first 0.07 mm and first 1 mm of
tissue. In each case, a photon only contact dose conversion factor is provided, along
with a secondary electron correction factor, and the total contact dose conversion
factor.
3.1 PHITS
PHITS version 2.64 was used for the simulation work presented in this thesis. PHITS
is a Monte Carlo radiation transport code that can model the transport of many
different types of particles, including photons and electrons, using a variety of nuclear
reaction models and data libraries. PHITS is capable of simulating both the transport
of particles under the forces of external fields, and the collisions between particles.
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The PHITS input file is a text file where the user defines the geometry, source type,
tallies, etc. to be used in the simulation. The input file is divided into sections that
pertain to different aspects of the simulation. A sample PHITS input file is shown in
Appendix A.
In the Parameters section, the user defines the number of source particles to be used
in the simulation, along with the cutoff energies for different particle types. In this
section, the user also defines the location of the neutron and photon data libraries
that are to be used for the simulation.
All of the information related to the source particles is defined in the Source section.
Here the user can define the geometry of the source, and the source’s location in the
simulation. The type of source particles emitted, such as photon, neutron, proton, etc.
are defined in this section as well. The user also specifies the energy of the emitted
source particles. In the case of a source that emits particles of different energies, the
fractional yields for each energy are also defined in this section of the input file.
The Material, Surface, and Cell sections of the input file are used to define the geom-
etry of the simulation. In the Material section, the composition of all the materials
used in the geometry are defined. Each material is numbered, and the composition is
defined by listing the nuclides in the material, along with their corresponding mass
densities. The Surface section is where the dimensions and location of each surface
used in the geometry is specified. The surfaces defined in this section can include
planes, spheres, cylinders, etc.. In the Cell section, surfaces are combined to make
cells, and each cell is assigned a material that was previously defined in the Material
section.
Tally sections can be used to produce pictorial representations of the geometry, cal-
culate energy deposited in specified regions, and create graphical representations of
particle flux. T-Gshow and T-3dShow tallies can be used to create two and three di-
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mensional diagrams of the geometry respectively. These tallies are useful, as they can
be used to quickly check that the geometry of the simulation is defined as intended,
before running a more time consuming calculation. T-track tallies are used to create
graphical representations of particle fluence. T-heat tallies are used to calculate the
energy deposited in a specified region of the geometry. T-heat and T-track tallies are
discussed in more detail in Sections 3.1.2 and 3.1.3 respectively.
3.1.1 Monte Carlo Method
PHITS uses the Monte Carlo Method to simulate the transport and collision of various
types of particles. Monte Carlo simulations are a stochastic method for numerical
integration. When applied to radiation transport, the process works as follows. N
random particle trajectories are generated in the defined geometry. For each particle
trajectory that is generated, a random distance to the next interaction is sampled from
an exponential probability distribution function. The particle is then transported to
the interaction site. Geometrical constraints are considered here. For example, if the
particle leaves the geometry during this step, it is considered terminated. Once the
particle reaches the interaction site, an interaction type (i.e. absorption, scattering,
etc.) is chosen based on the cross-sections for each type. The interaction is then
simulated. For example, if the interaction is absorption, the particle is terminated, or
if the particle is scattered, a scattering angle is selected from a probability distribution
function and the original particle continues in this new direction. The process is then
repeated for each particle.
The cross-section data used in PHITS comes from the Japanese Evaluated Nuclear
Data Library (JENDL-4.0) [9]. This library includes cross-section data for photoelec-
tric absorption and Compton scattering, which as discussed in Section 1.2, are the
interactions responsible for producing secondary electrons in encapsulated gamma
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sources. As also mentioned in Section 1.2, the cross-sections for photoelectric absorp-
tion and Compton scattering are dependent on the energy of the incoming photon,
and the atomic number of the material in which the interaction occurs. In the case
of Compton scattering, the direction of the scattered photon is also dependent on the
photon’s initial energy and the atomic number of the material in which the scattering
occurs, as was seen in Figure 1.4. When a Compton scatter occurs in PHITS, the
scattering angles are selected based on the cross-sections given by the Klein-Nishina
formula (Equation 1.5).
PHITS uses a Pseudo Random Number Generator (PRNG) to produce the random
numbers needed to sample from probability distributions. The PRNG used by PHITS
is the linear congruential scheme of Lehmer, which is shown in Equation 3.1 below [17].
In+1 = GIn + C mod (2
M), n = 0, 1, ... (3.1)
In this equation, G, C, and M are constants, and I0 is the initial random seed. The
initial random seed is obtained from the starting time of the simulation.
Whenever a value is calculated in PHITS, the relative error for that value is also given.
PHITS calculates the standard deviation for a given value using Equation 3.2 [9].
In this equation, N is the total number of source particles used in the simulation,
and xi and wi are the tally results and the source weight of each source particle
respectively. Similarly, X and w are the mean values of the tally results and source
weights respectively. In the tally output files, PHITS lists the relative error which is











All dose calculations in PHITS were done using the T-Heat tally. This tally calculates
the energy that is deposited in a specified region of the geometry. This region can
either be defined in the t-heat section, or a cell from the Cell section of the input file
can be selected as the region to calculate the energy deposition. The energy deposited
is given in units of MeV. The deposited energy is calculated based on kerma factors
or the ionization energy losses by charged particles in the selected region.
3.1.3 T-Track Tally
Graphical representations of particle fluence were created using the T-track tally. The
T-Track tally records the track length each time a particle passes through a certain
region, and the sum of all the track lengths recorded in that region are scored in
units of cm. This is shown pictorially in Figure 3.1. The particle fluence, which is
displayed in units of (1/cm2/source particle) is calculated by dividing the total sum
of the track lengths by the volume of the region and the number of source particles
used in the simulation. The fluence can be shown as a two dimensional contour map
of the geometry, or as an energy spectrum for a specific region of the geometry. Both
types of T-Track tallies were used for graphs in Chapter 4.
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Figure 3.1: PHITS track length calculations for T-Track tally [9]
3.1.4 Magnetic Field
Magnetic fields can be defined in PHITS for any specified region. Both dipole and
quadrupole magnets can be defined, however for this work only dipole magnetic fields
were used. Along with the magnetic field type (dipole or quadrupole), the geometrical
region of the magnetic field, and the field strength in kG are defined in the PHITS
input file under the Magnetic Field section. When a dipole magnetic field is defined in
PHITS, the direction of the magnetic field is always in the positive y direction. This
means that positively charged particles traveling along the z-axis (in the positive
direction) would be bent towards the negative x-direction, and negatively charged
particles traveling along the z-axis (in the positive direction) would be bent towards
the positive x-direction. PHITS calculates the trajectories of charged particles in
magnetic fields based on the Lorentz Force. More specifically, PHITS calculates the
radius of the charged particle trajectory using Equation 3.3 [17]. In this equation m
is the mass of the charged particle, q is the magnitude of the charge, B is the strength
of the magnetic field, and v is the velocity component of the charged particle that is






3.2 Specific Gamma Constants
The specific gamma constants for the four nuclides listed in NCRP-40 (137Cs, 60Co,
192Ir, and 226Ra) were calculated using the T-Heat tally in PHITS, and compared to
accepted values. This was done for two reasons. One was to check to make sure that
the source terms being used for each of these sources were correct, and the other was
to verify the PHITS code.
The specific gamma constant for a given nuclide, is the exposure rate in air, 1 m from
a 1 MBq point source of that nuclide [18]. The units for the specific gamma constant
are given in Sv
h
, which represents the air kerma 1 m from the point source. Kerma is an
acronym for Kinetic Energy Released per unit Mass. It is defined as a measure of the
energy that indirectly ionizing radiation (photons or neutrons) transfers to primary
ionizing particles per unit mass [18].
The PHITS simulations were set-up as followed. A point gamma source was placed
at the origin, and the material surrounding the point source was air. The gamma
energies and fractional yields for each nuclide were taken from [19]. A spherical
region, also made of air, with radius 1 cm was placed on the x-axis centered at the
point x = 100 cm. This sphere of air was the region for which the kerma was calculated
using a T-Heat tally. The T-Heat tally was set to measure the kerma for the specified
region in units of MeV per source particle (MeV
γ
) using photon kerma factors. In all
cases, the source activity was assumed to be 1 MBq, and Equation 3.4 was used to


















Where the mass of air, and the number of gamma rays released per hour were calcu-
lated using Equations 3.5a and 3.5b respectively.











The results of the PHITS calculations are shown in Table 3.1. The PHITS calculations
were then compared to the accepted specific gamma constants for these nuclides. The
accepted values were taken from Table 6.3 in [18], which was based on the specific
gamma constants presented in [20]. All of the specific gamma constants that were
calculated with PHITS were within error of their accepted values. These results
verified the source terms for use in further simulations, and acted as a validation of
the PHITS code.
Table 3.1: Specific gamma constants calculated in PHITS




137Cs 7.82× 10−8 8.2± 0.6× 10−8 4.4%
60Co 3.13× 10−7 3.1± 0.2× 10−7 1.7%
192Ir 1.14× 10−7 1.08± 0.08× 10−7 5.2%
226Ra 1.96×10−7 2.1 ±0.2× 10−7 9.0%
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3.3 Dose Conversion Factors
As discussed in Section 2.1, NCRP-40 provides contact dose rate conversion factors,
and deep dose conversion factors for encapsulated 137Cs, 60Co, 192Ir, and 226Ra sources.
These contact dose and deep dose conversion factors were calculated with PHITS
for each of the four encapsulated sources, and were compared to the corresponding
NCRP-40 values.
The dose rates for the encapsulated sources listed in NCRP-40 assumed that the
encapsulation was made of stainless steel (type 304), had an outer diameter of 1/4
inch (0.635 cm) and a wall thickness of 1/32 inch (0.0794 cm). An encapsulation with
these same specifications was designed in PHITS. The height of the encapsulation
was not specified in NCRP-40, but was chosen to be 1 cm in the PHITS simulations.
The source in the PHITS simulation was defined as a cylindrical gamma source on
the inside of the encapsulation, and the gamma energies were defined according to
the source that was being simulated. The gamma energies used for each source in
these simulations were the same as those used in Section 3.2, which were taken from
[19]. The encapsulation was surrounded by a layer of ICRP soft tissue, and the
energy deposited in different regions of this tissue layer were tallied depending on the
dose rate conversion factor that was being calculated. The geometry used in these
PHITS calculations is shown in Figure 3.2. Two million particles were used in these
simulations. For a discussion on the differences in the results from using different
initial seeds, see Appendix B.
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Figure 3.2: Geometry for surface and deep dose PHITS calculations
3.3.1 Deep Dose Conversion Factors
The deep dose conversion factors that are listed in NCRP-40 are for 1 cm and 3 cm
tissue depths. Using the geometry in Figure 3.2, the dose conversion factors at 1 cm
and 3 cm tissue depths were calculated with PHITS. T-Heat tally regions were spec-
ified in the tissue surrounding the encapsulation at both 1 cm and 3 cm depths, and
these tally regions had a thickness of 0.07 mm. The T-Heat tallies were defined to
give the energy deposited in the specified region of tissue in MeV. This value was then
converted into a dose rate, assuming that the activity of the source was 1 MBq, and
using Equation 3.4 (except here the region where energy deposition was measured was
tissue, and not air).
The dose rates at 1 cm and 3 cm tissue depths calculated with PHITS for the sources
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listed in NCRP-40 are shown in Tables 3.2 and 3.3 respectively, and compared to the
NCRP-40 values. The NCRP-40 values were converted from units of R/min for a
1 Ci source to mSv/h for a 1 MBq source using Equation 3.6. According to [21], one
Rontgen (R) of exposure is equal to between 0.92 and 0.96 rad of absorbed dose in
soft tissue. The median value of 0.94 was used in Equation 3.6. The Sv was used
instead of the Gy here because the radiation weight factors are 1 for both photons















Table 3.2: Dose rate (mSv/h) to the hand at a 1 cm depth for a 1 MBq sealed source
calculated using PHITS
Nuclide NCRP-40 value PHITS calculation Percent difference
137Cs 0.43 0.45 ±0.01 4.5%
60Co 1.74 1.70 ±0.03 2.4%
192Ir 0.66 0.60 ±0.02 7.9%
226Ra 1.10 1.16 ±0.03 6.0%
Table 3.3: Dose rate (mSv/h) to the hand at a 3 cm depth for a 1 MBq sealed source
calculated using PHITS
Nuclide NCRP-40 value PHITS calculation Percent difference
137Cs 0.056 0.064 ±0.003 13%
60Co 0.24 0.273 ±0.009 12%
192Ir 0.084 0.083 ±0.005 1%
226Ra 0.15 0.175 ±0.007 18%
The dose rates calculated with PHITS at a tissue depth of 1 cm were all within less
than a 10% difference of the NCRP-40 values. There was more of a difference between
the NCRP-40 and PHITS dose rates for the 3 cm calculations, as the largest difference
was 18%, which was for the encapsulated 226Ra source.
This deep into tissue, secondary electrons generated in the encapsulation have a min-
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imal to no impact on the dose delivered to the tissue. According to [12], an electron
would have to have an energy of over 2 MeV to penetrate a 1 cm depth in soft tissue.
226Ra is the only source listed in NCRP-40 that would be capable of producing sec-
ondary electrons over 2 MeV in the encapsulation. 214Bi is one of the progeny of 226Ra,
and 214Bi does produce some gamma rays above 2 MeV as it decays. It is possible
that these gamma rays could produce secondary electrons in the encapsulation with
energies over 2 MeV. However, the fractional yield of gamma rays over 2 MeV from
214Bi decay is very small.
Therefore, secondary electrons generated in the encapsulation would not contribute
to the dose at 1 cm tissue depths for 137Cs, 60Co, and 192Ir sources, and would have
a minimal contribution for an 226Ra source. At a tissue depth of 3 cm, secondary
electron generation in the encapsulation would have no contribution to the dose for
any of the sources listed in NCRP-40.
3.3.2 Contact Dose Conversion Factors
The contact dose rates were calculated using PHITS for the first 0.07 mm and first
1 mm of tissue. The value of 0.07 mm was chosen because it is the depth of the dead
tissue layer on the skins surface. A biological effect from the radiation would not be
seen in this tissue layer, due to the fact that the cells in this layer are already dead.
However, the contact dose rates were calculated for this tissue layer because it is the
layer of skin that is in direct contact with the encapsulation, and represents an upper
bound to the dose rate at the surface of the encapsulation. The contact dose rate
was also calculated using the first 1 mm of tissue, as skin erythema and pigmentation
from a radiation injury are the result of changes that occur within the first 1 mm of
tissue [6].
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T-Heat tallies were defined for both the first 0.07 mm of tissue and the first 1 mm of
tissue in the geometry shown in Figure 3.2. In addition to the total energy deposited
in these tally regions, the dose from photons and secondary electrons were scored
separately for these simulations, using the Counter feature in PHITS. A Counter was
applied to the encapsulation region such that all electrons leaving this region were
tagged. These tagged electrons were the secondary electrons that were generated in
the encapsulation. Three T-Heat tallies were then defined for the tissue region of
interest:
1. Total Dose: A regular T-Heat tally was defined to calculate the total energy
deposition
2. Secondary Electron Dose: T-Heat tally that only scores energy deposition
from the electrons tagged by the counter (i.e. electrons leaving the encapsulation
region)
3. Photon Dose: T-Heat tally that scores energy deposition not including the
electrons tagged by the counter
The results from the PHITS simulations for the first 0.07 mm of tissue and 1 mm of
tissue are shown in Tables 3.4 and 3.5 respectively. Equation 3.4 was used to convert
the T-Heat tally results from MeV to Sv/h, using the mass of tissue for the tally
region instead of an air mass, and assuming a source activity of 1 MBq.
Table 3.4: Contact dose rates (mSv/h) to the hand for a 1 MBq sealed source calcu-
lated with PHITS for the first 0.07 mm of tissue
Nuclide Photon Dose Secondary Electron Dose Total Dose
137Cs 0.95 ±0.04 3.99 ±0.08 4.94 ±0.09
60Co 1.60 ±0.07 14.0 ±0.2 15.6 ±0.2
192Ir 2.65 ±0.09 6.8 ±0.2 9.4 ±0.2
226Ra 2.15 ±0.08 11.3 ±0.2 13.4 ±0.2
Comparing the results in Tables 3.4 and 3.5, the total dose rates are between 14%
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Table 3.5: Contact dose rates (mSv/h) to the hand for a 1 MBq sealed source calcu-
lated with PHITS for the first 1 mm of tissue
Nuclide Photon Dose Secondary Electron Dose Total Dose
137Cs 2.90 ±0.04 1.28 ±0.03 4.18 ±0.05
60Co 5.42 ±0.09 8.2 ±0.1 13.6 ±0.2
192Ir 5.12 ±0.07 1.04 ±0.03 6.16 ±0.07
226Ra 5.30 ±0.08 4.8 ±0.1 10.1 ±0.1
and 53% higher for the 0.07 mm calculations compared to the 1 mm calculations. The
secondary electron dose rate is higher in the first 0.07 mm of tissue, when compared to
the measurement made in the first 1 mm of tissue. Conversely, the photon dose rate is
higher when measured in the first 1 mm of tissue, when compared to the measurement
made in the first 0.07 mm of tissue. The decrease in the secondary electron dose rate
between the 0.07 mm and 1 mm measurements is greater than the increase in the
photon dose rate. This leads to lower total dose rates when the measurements are
made for the first 1 mm of tissue, compared to when the measurements are made for
the first 0.07 mm of tissue.
NCRP-40 lists contact dose rates for each source in terms of the photon component
of the dose, and recommends a secondary electron correction factor between 25-45%.
The contact dose rates from NCRP-40 are presented in Table 2.1 in units of R
Ci min
.
For ease of comparison with the PHITS results, the NCRP-40 surface dose rates were
converted to units of mSv
MBq h
using Equation 3.6, and are shown below in Table 3.6.
Table 3.6: Photon component of surface dose rates from NCRP-40 in SI units







The NCRP-40 contact dose conversion factors are all much greater than the corre-
sponding factors obtained using PHITS simulations (Tables 3.4 and 3.5). The values
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shown in Table 3.6 are the NCRP-40 contact dose conversion factors without the ap-
plication of secondary electron correction factors. Therefore, these values represent
the contact dose rate from photons only. These photon only values from NCRP-
40 are still much greater than the contact dose conversion factors calculated using
PHITS that include both photons and secondary electrons. It is clear from these re-
sults that the contact dose conversion factors presented in NCRP-40 will significantly
overestimate the dose received in an incident involving skin contact with one of these
encapsulated sources.
NCRP-40 states that the increase in the surface dose rate due to the generation of
secondary electrons in the stainless steel encapsulation is 45% for 226Ra, based on the
secondary electron curve presented in [4]. The authors of NCRP-40 also estimate that
the increase in contact dose due to secondary electrons is between 25-45% for 137Cs,
60Co, and 192Ir. In order to get more concrete values for all of the nuclides listed in
NCRP-40, the secondary electron correction factors for both the 0.07 mm and 1 mm
simulations were calculated using Equation 2.1. The calculated secondary electron
correction factors are displayed in Table 3.7.
Table 3.7: Secondary electron correction factors for 0.07 mm and 1 mm dose rates in
tissue calculated using PHITS
Nuclide Secondary Electron Secondary Electron
Correction Factor at 0.07 mm Correction Factor at 1 mm
137Cs 5.2 ±0.2 1.44 ±0.03
60Co 9.7 ±0.5 2.52 ±0.05
192Ir 3.6 ±0.1 1.20 ±0.02
226Ra 6.2 ±0.3 1.91 ±0.04
As is shown by Table 3.7, the secondary electron correction factor is heavily dependent
on the nuclide in question and the tissue depth for which the dose rate is being
measured. The secondary electron correction factors are much lower for the first 1 mm
of tissue, because electrons are attenuated much more rapidly than photons in tissue.
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In other words electrons deposit their energy over a much shorter distance compared
to photons. Therefore, the relative contribution of secondary electrons to the dose
rate becomes less significant the deeper into the tissue the measurements are taken.
This can also be seen when comparing the photon and secondary electron components
of the dose for the first 0.07 mm and 1 mm of tissue in Tables 3.4 and 3.5. In the case
of the measurements for the first 0.07 mm, this tissue region is thin enough that many
of the photons pass through with no interaction, leading to a low photon dose rate.
Whereas, this region is thick enough for many of the secondary electrons generated
in the encapsulation to interact and deposit their energy. When the measurements
are made for the first 1 mm of tissue, the extra thickness allows for more photon
interactions, thus increasing the photon dose rate. This extra thickness also allows
for more secondary electron interactions, however the increase in secondary electron
interactions is not proportional to the increase in tissue mass. Since the absorbed
dose in the tissue is the ratio of energy deposited to the mass of tissue, the secondary
electron dose rates are actually lower for the first 1 mm of tissue compared to the first
0.07 mm.
The secondary electron correction factors that were calculated in PHITS for 226Ra
are both greater than the value of 1.45 that is given by NCRP-40. Although the
value calculated by PHITS at a tissue depth of 1 mm is much closer to the NCRP-
40 value than the PHITS calculated value at a tissue depth of 0.07 mm. For the
other three nuclides, the secondary electron correction factors for the first 0.07 mm
of tissue are all significantly greater than the 25-45% recommended by NCRP-40.
However, the secondary electron correction factors for the first 1 mm of tissue are
all much closer to NCRP-40’s recommended range. In fact, the secondary electron
correction factor for 137Cs calculated using the first 1 mm of tissue actually falls in
the 25-45% range recommended by NCRP-40. Having said that, in order to obtain a
more accurate absorbed dose in a real life accident scenario, it is important to have
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accurate secondary electron correction factors for each specific nuclide, instead of an
estimated range.
3.4 Secondary Electron Curves
The secondary electron emission for various encapsulation materials were simulated for
the four sources listed in NCRP-40. A curve of secondary electron emission versus the
atomic number of the encapsulation material was created for each source, to compare
to the trends published by Benner and Quimby (Figure 2.1) for an encapsulated
226Ra source. For these simulations, each encapsulated source was wrapped in a layer
of tissue, where energy deposited by photons and electrons was scored for the first
0.07 mm of tissue, similar to the geometry shown in Figure 3.2. For each encapsulation
material, an equivalent shielding thickness was chosen. Specifically, the thicknesses
used were such that they attenuated the gamma radiation to 70% of its unshielded
intensity. These thicknesses t were determined using Equation 3.7. The attenuation
coefficients µ were taken from [22]. As an example, the equivalent shielding thicknesses
that were calculated for the 226Ra source are shown in Table 3.8.
t = − ln(0.7)
µ
(3.7)
The secondary electron correction factor was calculated for each encapsulation ma-
terial listed in Table 3.8 using Equation 2.1. The results of these simulations for a
226Ra and a 137Cs source are shown in Figure 3.3.
When comparing the 226Ra curve produced by PHITS with the curves produced by
Benner and Quimby (Figure 2.1), the secondary electron correction factors for each
individual encapsulation material are all much greater in the PHITS curve. However,
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Table 3.8: Equivalent shielding thicknesses for 226Ra encapsulations
Encapsulation Atomic Encapsulation thickness (cm)
Material Number needed to reduce γ intensity to 0.7I0








Figure 3.3: Secondary electron curves produced using PHITS for encapsulated 226Ra
and 137Cs sources
the general trend of the curve is similar, with the minimum amount of secondary
electron emission occurring for encapsulation materials with medium range atomic
numbers. That being said, the curve based on the PHITS simulations better matches
the shape of Quimby’s curve as opposed to Benner’s, in that the greatest amount
of secondary electron emission occurs for encapsulation materials with high atomic
numbers. Benner’s curve suggested that the maximum amount of secondary electron
emission occurs for both the lowest and highest atomic numbers.
Both the PHITS simulation and Quimby’s experiment had the detector in contact with
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the encapsulation, whereas in Benner’s experiment the detector was a few centimeters
away from the surface of the encapsulation. It is likely that the lower energy electrons
did not make it to the detector in Benner’s setup, and that is why his experiments
do not show the increased secondary electron emission with the high Z encapsulation
materials.
The 137Cs curve in Figure 3.3 follows the same trend as the 226Ra curve, with medium
atomic number encapsulation materials having the least secondary electron emission,
and high atomic number encapsulation materials having the greatest secondary elec-
tron emission. However, the secondary electron correction factors for the 137Cs source
were all slightly lower than the corresponding correction factors for the 226Ra source.
This is due to the difference in the energies of the gamma rays emitted by each of
these sources. 137Cs emits a gamma ray with an energy of 0.662 MeV, and 226Ra
emits several gamma rays (most of which come from the progeny 214Pb and 214Bi)
with energies ranging from below 50 keV to close to 2.5 MeV. The effective gamma
energy of 226Ra decay is 0.72 MeV, which is calculated from a weighted average of all
the gamma energies, where the weight of each energy is the corresponding fractional
yield. This effective gamma energy is slightly larger than the gamma energy emitted
from the decay of 137Cs. The difference in gamma energy is not large enough to cause
drastic changes in the photoelectric or Compton scattering cross-sections (see Figures
1.1 and 1.3), however higher energy gamma rays will produce higher energy electrons
through both of these processes. So when comparing the secondary electron produc-
tion for both of these sources, the number of secondary electrons produced will not
differ greatly, but the energy of the secondary electrons produced by the encapsulated
226Ra source will be slightly higher on average than those produced by the encap-
sulated 137Cs source. The higher energy secondary electrons lead to slightly higher
secondary electron doses. Therefore, the secondary electron correction factors for the
226Ra source are marginally higher than those for the 137Cs source.
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The secondary electron curves for 60Co and 192Ir have very different trends from the
226Ra and 137Cs curves, and from each other. The 60Co secondary electron curve will
be examined first. The secondary electron curve that was generated with PHITS for
an encapsulated 60Co source is shown below in Figure 3.4.
Figure 3.4: Secondary electron curve produced using PHITS for an encapsulated 60Co
source
The gamma ray energies emitted by 60Co are 1.17 MeV and 1.33 MeV, which are
greater than the gamma ray energy emitted by 137Cs, and the effective gamma energy
of 226Ra. Recalling Figure 1.1, as the gamma energy increases, the photoelectric effect
cross-section decreases rapidly. The decrease in the photoelectric effect cross-section
is the reason why the trend of the 60Co curve differs from the trend of the 137Cs and
226Ra secondary electron curves.
The equation derived by Wilson in [14] (Equation 2.4) shows that the amount of
secondary electrons emitted from an encapsulated source is dependent on the sum of
the photoelectric and Compton scattering cross-sections, and the ratio of the atomic
number to the atomic weight of the encapsulation material. As discussed in Section
2.3.3, the photoelectric and Compton scattering cross-sections increase with encapsu-
lation atomic number (although the photoelectric effect cross-section increases much
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more rapidly), and the Z
A
term decreases with encapsulation atomic number. With
the photoelectric effect cross-section substantially decreased in the case of the en-
capsulated 60Co source, the Z
A
term becomes dominant. Therefore, the increase in
secondary electron production at high Z values is not seen in the 60Co curve.
In the case of the 192Ir, the effective gamma energy is 0.35 MeV which is much lower
than the other three nuclides previously mentioned. Therefore, the photoelectric effect
cross-section is significantly greater for 192Ir. This means that the cross-section term
in Equation 2.4 overpowers the Z
A
term. This creates a secondary electron curve where
the minimum secondary electron emission occurs for low atomic number encapsulation
materials. The secondary electron curve for 192Ir is shown in Figure 3.5 below.
Figure 3.5: Secondary electron curve produced using PHITS for an encapsulated 192Ir
source
Based on these results, it is apparent that the gamma energy of an encapsulated
source dictates how the secondary electron correction factor changes with encapsula-
tion material.
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3.5 Contact Dose Conversion Factors for Additional
Sources not Listed in NCRP-40
NCRP-40 was published over forty years ago, and does not cover the wide range of
encapsulated gamma sources that are commonly used today. As discussed in previous
sections, NCRP-40 only lists contact dose rate conversion factors for 137Cs, 60Co, 192Ir,
and 226Ra.
The contact dose rate conversion factors for several other encapsulated gamma sources
were calculated with PHITS, using the method described in Section 3.3.2, and the
geometry shown in Figure 3.2. These new gamma sources include those available
in the Eckert & Ziegler catalogue [23] that are not also included in NCRP-40. The
gamma energies used in these simulations for each of the sources were taken from [19].
The contact dose rate conversion factors were calculated for the first 0.07 mm and first
1 mm of tissue, and the results are shown in Tables 3.9 and 3.10 respectively.
Table 3.9: Contact dose rates to the hand for 1 MBq sealed gamma sources not listed
in NCRP-40. Values calculated with PHITS for the first 0.07 mm of tissue
Nuclide Photon Dose Secondary Electron Total Dose
(mSv/h) Correction Factor (mSv/h)
241Am 0.076 ±0.006 8.6 ±0.7 0.65 ±0.02
133Ba 1.39 ±0.07 3.7 ±0.2 5.1 ±0.1
57Co 0.77 ±0.02 4.4 ±0.1 3.35 ±0.07
152Eu 1.60 ±0.07 5.9 ±0.3 9.42 ±0.2
153Gd 0.36 ±0.02 6.7 ±0.4 2.42 ±0.07
22Na 2.8 ±0.1 6.2 ±0.3 17.3 ±0.3
75Se 1.95 ±0.07 3.4 ±0.1 6.6 ±0.1
169Yb 1.43 ±0.06 4.5 ±0.2 6.4 ±0.2
53
Table 3.10: Contact dose rates to the hand for 1 MBq sealed gamma sources not listed
in NCRP-40. Values calculated with PHITS for the first 1 mm of tissue
Nuclide Photon Dose Secondary Electron Total Dose
(mSv/h) Correction Factor (mSv/h)
241Am 0.063 ±0.001 1.56 ±0.04 0.098 ±0.002
133Ba 2.23 ±0.03 1.19 ±0.02 2.66 ±0.03
57Co 0.644 ±0.005 1.31 ±0.02 0.845 ±0.007
152Eu 3.68 ±0.05 1.85 ±0.03 6.82 ±0.08
153Gd 0.320 ±0.005 1.42 ±0.03 0.454 ±0.006
22Na 8.08 ±0.08 1.70 ±0.02 13.8 ±0.1
75Se 2.43 ±0.02 1.19 ±0.02 2.90 ±0.03




In this chapter, an experiment is presented that is an updated version of the exper-
iment conducted by Benner in [5], using modern equipment and techniques. The
secondary electron correction factors for contact dose in NCRP-40 were based on the
measurements made by Benner that were discussed in Section 2.3.1.
Similar to Benner’s original experiment, this updated experiment involved measuring
the radiation field near the surface of an encapsulated gamma source with an ion
chamber, and using a magnetic field to separate the secondary electron and primary
gamma components of the radiation, in order to determine a secondary electron correc-
tion factor. The goal of this experiment was to determine whether or not a secondary
electron correction factor obtained using an ion chamber and magnetic separation
of electrons, is applicable to the contact dose conversion factor for an encapsulated
gamma source.
This Chapter begins with an explanation of the experimental design, and details on
all of the materials and equipment used in the experiment. This includes PHITS
simulations that were conducted to show that the magnet used in the experiment
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would be capable of deflecting the secondary electrons from the encapsulated gamma
source. The experimental setup is then described, along with the procedures used
during the experiment. The experiment was also simulated with PHITS, and the
results of these simulations were used to compare to the experimental results.
4.1 Materials and Experimental Design
In short, this experiment involved making two measurements of the radiation field
near the surface of an encapsulated 137Cs source using an ion chamber. The first mea-
surement was of the dose exclusively from photons. For this measurement, the source
was placed in a strong magnetic field, which deflected the secondary electrons gener-
ated in the encapsulation away from the ion chamber. For the second measurement,
the source was taken out of the magnetic field, and the total dose including both
the photons and secondary electrons generated in the encapsulation was measured by
the ion chamber. These two measurements were then used to determine a secondary
electron correction factor for the encapsulated 137Cs source.
The materials that were used in this experiment are listed below.
 Encapsulated 137Cs source
 A12S ion chamber and SuperMAX electrometer
 Custom source holder
 Variable gap magnet and gaussmeter
Each of the materials is described in detail in the following sections.
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4.1.1 Encapsulated 137Cs Source
The encapsulated source that was used in the experiment was an Eckert & Ziegler
A3000 capsule containing a 1 mCi Cs-137 active element. A schematic of the A3000
encapsulation can be seen in Figure 4.1. All parts of the encapsulation were made of
stainless steel type 304 or 304L.
Figure 4.1: A3000 encapsulated source
A model of the A3000 capsule was created in PHITS, to allow for the simulation of the
experimental setup. This model can be seen in Figure 4.2. Region 103 is the region
of the encapsulation that contains the 137Cs, region 101 corresponds to the stainless
steel of the capsule, and region 104 is an air pocket in the middle of the capsule due
to the presence of an Allen key socket.
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Figure 4.2: PHITS model of the A3000 capsule. Side view cross-section (left) and
overhead view (right)
4.1.2 Ion Chamber
An ion chamber is a device that consists of a gas filled cavity, and measures the dose
from a radiation field based on the ionization of the gas molecules in the cavity [3].
The ion pairs that are generated in the gas are collected through the application of an
electric field, which is generated in the enclosed gas volume through the application
of an external voltage. The electric field is strong enough to collect the charges
generated from the incident radiation in the gas volume, but is not strong enough
to cause charge multiplication through further ionizations, as is seen in proportional
and Geiger-Mueller counters. The collection of ion pairs at the electrodes, generates
a current which can be measured with an ammeter, and is directly proportional to
the energy deposited in the chamber. A basic schematic of an ion chamber is shown
in Figure 4.3.
The ionization chamber that was used to measure the gamma and secondary electron
radiation in this experiment was an Exradin A12S thimble ion chamber. The A12S
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Figure 4.3: Basic design of an ion chamber [3]
is shown in Figure 4.4 below. The A12S ion chamber uses air as the fill gas, and has
walls made out of C552 shonka plastic. The A12S has a collection volume of 0.24 cm3,
an outer diameter of 7.1 mm, and a shell wall thickness of 0.5 mm. A schematic of
the A12S ion chamber is shown in Figure 4.5. A buildup cap, which was also made
from C552 shonka plastic, was provided with the chamber to ensure adequate buildup
for the detection of 137Cs gamma rays. The buildup cap has a thickness of 0.53 mm.
Therefore, with the buildup cap on the chamber, the outer diameter and shell wall
thickness were increased to 8.16 mm and 1.03 mm respectively.
The A12S was not calibrated, as dose measurements were not required in this exper-
iment. The purpose of this experiment was to measure the relative contribution of
secondary electrons, and this was done by comparing the charge collected in the ion
chamber with and without secondary electrons from the encapsulation being deflected
away from the chamber. Therefore, there was no need for a calibration in order to
transform the charge measurements into a measured dose.
The A12S was connected to a SuperMAX electrometer with a triaxial cable. The
SuperMAX is designed by Standard Imaging, and is a two channel electrometer with
a touch screen interface. The SuperMAX electrometer provided the high voltage
needed to generate the electric field inside the A12S ion chamber, in order to collect
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Figure 4.4: A12S ion chamber and 137Cs buildup cap
Figure 4.5: Schematic of A12S ion chamber [10]
the generated ion pairs. The timed charge collections used in the experiment were
also setup using the touch screen interface on the SuperMAX electrometer.
4.1.3 Custom Source Holder
In order to hold the encapsulated source in the magnetic field during the experiment,
a custom source holder was designed using the 3-D modeling program SketchUp. The
SketchUp model of the source holder can be seen in Figure 4.6.
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(a) Overview of source holder (b) Close up of window for
ion chamber
Figure 4.6: SketchUp model of source holder
The source holder was designed in the shape of a rectangular prism, with dimensions
8 cm × 2.5 cm × 1.2 cm. A 7 mm diameter cylindrical hole was made in the top of the
source holder, so that the encapsulated source could be placed inside the holder from
the top. A rectangular window was made on the side of the source holder, so that the
ion chamber could be exposed to the radiation from the encapsulated source during
the experiment. The window on the side of the source holder was 1 cm wide and 1.1 cm
tall. These dimensions would allow the A12S ion chamber to be completely exposed
to the radiation from the encapsulated source inside the holder. The source holder
was designed so that during the experiment, the poles of the variable gap magnet
would be placed in contact against the sides of the source holder. This would create a
magnetic field inside the window of the source holder that would deflect the secondary
electrons generated in the encapsulation.
The source holder was rendered using an Ultimaker2 3-D printer. The Ultimaker2 3-D
printer created a three dimensional to scale model of the source holder made of PLA
(polyactic acid) plastic. The printed source holder is shown in Figure 4.7.
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Figure 4.7: 3-D printout of source holder
4.1.4 Variable Gap Magnet
The magnetic field that was needed for the experiment was created using a Variable
Gap Magnet manufactured by PASCO Scientific. The Variable Gap Magnet con-
sists of two cylindrical neodymium magnets that are housed on an iron base. The
neodymium magnets are 2.54 cm in diameter, and the distance between them can be
adjusted from 0.5 cm to 8.9 cm. A schematic of the Variable Gap Magnet is shown
below in Figure 4.8. Two iron pole pieces are included with the Variable Gap Magnet,
however these pole pieces were not used in the experiment. The purpose of the pole
pieces are to create a uniform magnetic field over a larger area by placing them on
the ends of the neodymium magnets. However, the size of the magnetic field created
without the pole pieces was sufficient for the experiment.
The strength of the magnetic field can be altered by adjusting the spacing between the
two neodymium magnets, using the adjustment screws. The closer the two magnets
are to each other, the stronger the magnetic field is between them. The magnetic field
produced by the Variable Gap Magnet was measured using a DC Gaussmeter Model
GM 1-ST from Alpha Lab Inc. The Gaussmeter is shown in Figure 4.9.
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Figure 4.8: PASCO Variable Gap Magnet [11]
The source holder was placed between the poles of the Variable Gap Magnet as shown
in Figure 4.10, with the poles in direct contact with the outer walls of the source
holder. The magnetic field inside the window of the source holder was measured with
the Gaussmeter to be 7.0 kG.
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Figure 4.9: DC Gaussmeter Model GM 1-ST
Figure 4.10: Custom source holder placed in between the poles of the Variable Gap
Magnet
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PHITS was used to simulate the behaviour of the secondary electrons emitted from the
encapsulation in a 7.0 kG magnetic field. An overhead view of the PHITS simulation
geometry is shown in Figure 4.11. In this geometry the magnetic field is oriented in
the positive y direction, and confined to region 102. The width of region 102 is 1 cm
(width of the source holder window) and the length of region 102 is 2.5 cm (length of
source holder). The encapsulated source (region 101) is placed in the center of the
magnetic field region, as it would be when contained in the source holder between the
poles of the Variable Gap Magnet.
Figure 4.11: PHITS geometry of encapsulated 137Cs source in a 7.0 kG magnetic field
A map of the electron flux was calculated for this geometry using the T-Track tally.
The electron flux map is shown in Figure 4.12. The secondary electrons that are
emitted from the encapsulation, are deflected towards the direction of the magnetic
field, which is oriented along the y axis. This creates an area to the right of the source
that is almost completely void of electrons. During the experiment, the magnet and
source holder will be oriented such that the source holder window opens to the right
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side. As shown in Figure 4.12, a few electrons may exit the source holder window
during the experiment, and have a chance at being detected by the ion chamber.
However, the number of electrons escaping the magnetic field on the right side is
expected to be extremely low, and will have minimal impacts on the measurements
made with the ion chamber.
Figure 4.12: Electron flux with encapsulated 137Cs source placed in the center of a
7.0 kG magnetic field
As is seen in Figure 4.12, the electron flux that is created with this geometry is
not symmetrical. The electrons are deflected away from the area to the right of the
encapsulated source, however electrons are present on the left side. This is caused by
the way that the electrons spiral along the magnetic field lines as they are deflected,
and the geometry of the encapsulated source. This effect is illustrated in Figure 4.13.
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Figure 4.13: Motion of secondary electrons from the encapsulation in the magnetic
field
The arrows in Figure 4.13 show the trajectory of electrons that are emitted from the
encapsulation perpendicular to the magnetic field, either in the positive or negative
x direction. The electrons that are emitted from the right side of the source, in the
positive x direction, spiral down and to the left as they are deflected. Some of these
electrons will travel below the encapsulation and to the left side. Electrons that are
emitted from the left side of the source, in the negative x direction, spiral up and to the
right as they are deflected. Most of these electrons will not make it to the right side
of the source, as they will be blocked by the encapsulation. For electrons that are not
emitted exactly perpendicular to the magnetic field, they will still experience a force
from the magnetic field in the positive or negative z direction, depending on whether
the x component of their initial velocity is positive or negative in direction. Electrons
that are emitted from the encapsulation in the positive or negative z direction will




The experiment was conducted in UOIT’s irradiation facility in ERC B058. The
experimental setup is shown in Figure 4.14. The source holder was placed in between
the poles of the Variable Gap Magnet, with both poles in contact with the sides of
the source holder. The ion chamber was secured to a rod stand and positioned so
that the tip of the ion chamber was right at the entrance of the source holder window.
The ion chamber was connected to the SuperMAX electrometer which was in an
adjacent room. Before any measurements were taken, the encapsulated 137Cs source
was placed in the source holder through the hole in the top of the holder. This setup
measured only the gamma radiation from the encapsulated source, since the magnetic
field deflects the secondary electrons generated in the encapsulation away from the
ion chamber. The setup used to measure both the gamma and secondary electron
radiation from the encapsulated source was the same, except the variable gap magnet
was taken away, and the source holder with the source inside was placed upright on
the tabletop.
Figure 4.14: Experimental setup
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4.3 Procedure
4.3.1 Safe Handling of Encapsulated 137Cs Source
The procedure for this experiment was designed in accordance with the As Low As
Reasonably Achievable (ALARA) principle. The experimenter was equipped with an
electronic personal dosimeter (EPD) at all times during the experiment, and the EPD
was set to alarm once a cumulative dose of 0.2 mSv was reached. This alarm level was
chosen, as it would give the experimenter time to safely back out of the experiment
before reaching the UOIT action level for whole body dose. The UOIT action level is
0.3 mSv, which is one third of the CNSC public whole body dose limit.
The encapsulated 137Cs source is stored in the pit in the floor of ERC B058. The source
was removed from the pit and placed in a lead pig, using a set of 30 cm tongs. The
source was stored in the lead pig whenever a trial was not taking place. The source
was only removed from the lead pig once all of the other equipment required for a trial
was set up, and the trial was ready to begin. Whenever, the source was moved, the
30 cm tongs were used. This kept the source at a minimum distance of 30 cm from the
experimenter at all times during transport of the source, and also avoided the high
contact dose rates due to secondary electron production in the encapsulation. Once
all of the trials were complete, the source was moved from the lead pig back to the
pit using 30 cm tongs.
Dose calculations were performed prior to the experiment to show that the UOIT
action level would not be reached. From Table 3.1 the specific gamma constant for
137Cs is 7.82×10−8 Sv
MBq×h at a distance of 1 m. Approximating the encapsulated
137Cs
as a point source, the dose rate at a distance of 1 m was calculated. This calculation










Therefore, the dose rate at a distance of 1 m from the encapsulated 137Cs source is
2.89µSv
h
. At this distance, it would take 104 h to reach the UOIT action level of
0.3 mSv. The dose rate at a distance of 30 cm from the encapsulated 137Cs source
was also calculated in order to estimate the dose rates that the experimenter would
be exposed while moving the source with the 30 cm tongs. Again, if the encapsulated
137Cs source is approximated as a point source, then the dose rate at 30 cm can be
calculated based on the dose rate at 1 m using the 1
r2











Therefore, the dose rate at a distance of 30 cm from the encapsulated 137Cs source
is 32.1µSv
h
. It would take 9.3 h in order to reach the UOIT action level of 0.3 mSv
at a distance of 30 cm. However, very little time was spent this close to the source
during the experiment, as transferring the source with the 30 cm tongs was always
done quickly and efficiently.
To add an additional level of safety, the SuperMAX electrometer was setup in the ERC
B056 which is next door to ERC B058. The SuperMAX electrometer was connected
to the ion chamber in B058 via a long triaxial cable that passed through the wall
between the two rooms. This meant that the experimenter spent the majority of
time during the experiment in a separate room from the encapsulated 137Cs source.
Therefore, given the times required to reach the UOIT action level at distances of
1 m and 30 cm, and the fact that the experimenter would be that close to the source
only for a limited amount of time during the experiment, it was determined that the
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UOIT action level would not be reached during this experiment.
4.3.2 Trial # 1: Measurements With Magnetic Field
The objective of this trial was to measure the gamma radiation field from the en-
capsulated 137Cs source, without the presence of secondary electrons generated in the
encapsulation. This was achieved by deflecting the secondary electrons away from
the ion chamber using a magnetic field. The procedure used for this trial is outlined
below.
1. The A12S ion chamber without the buildup cap, was attached to a rod stand
in ERC B058. The ion chamber was connected to the SuperMAX electrometer
located in an adjacent room (ERC B056) using a triaxial cable.
2. The source holder was secured between the poles of the Variable Gap Magnet,
and the tip of the A12S was placed at the entrance of the source holder window
(as shown in Figure 4.14).
3. The encapsulated 137Cs source was removed from the lead pig, and placed inside
the source holder, through the hole in the top of the source holder, using 30 cm
tongs.
4. The SuperMAX electrometer was then operated from next door in ERC B056.
A bias voltage of 300 V was applied to the chamber, and the SuperMAX was set
to record the charge collected by the ion chamber in three separate five minute
intervals, and ten separate ninety second intervals.
5. All of the previous steps in this trial were repeated with the buildup cap placed
on the ion chamber.
6. After all of the charge collections were recorded, the source holder (with the
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encapsulated 137Cs source still inside) was removed from between the poles of
the Variable Gap Magnet using 30 cm tongs.
7. The encapsulated 137Cs source was then removed from the source holder using
two sets of 30 cm tongs. One set of tongs was used to keep the source holder
steady, while the other was used to retrieve the encapsulated 137Cs source.
8. The encapsulated 137Cs source was then returned to the lead pig using 30 cm
tongs.
4.3.3 Trial # 2: Measurements Without Magnetic Field
The objective of this trial was to measure the total radiation field from the encapsu-
lated 137Cs source, including both gamma radiation and secondary electrons that are
generated in the encapsulation. These measurements were made without the presence
of a magnetic field, as their was no need to deflect the secondary electrons away from
the ion chamber in this case. The procedure used for this trial is outlined below.
1. The A12S ion chamber without the buildup cap, was attached to a rod stand
in ERC B058. the ion chamber was connected to the SuperMAX electrometer
located in an adjacent room (ERC B056) using a triaxial cable.
2. The source holder was placed upright on the table top, and the tip of the A12S
was placed at the entrance of the source holder window.
3. The encapsulated 137Cs source was removed from the lead pig, and placed inside
the source holder. Two sets of 30 cm tongs were used for this step. One set of
tongs were used to hold the encapsulated 137Cs source, and the other set of tongs
were used to keep the source holder steady while the encapsulated source was
being deposited in the top hole of the holder.
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4. The SuperMAX electrometer was then operated from next door in ERC B056.
A bias voltage of 300 V was applied to the chamber, and the SuperMAX was set
to record the charge collected by the ion chamber in three separate five minute
intervals, and ten separate ninety second intervals.
5. All of the previous steps in this trial were repeated with the buildup cap placed
on the ion chamber.
6. After the charge collections were recorded, back in ERC B058 the encapsulated
137Cs source was removed from the source holder using two sets of 30 cm tongs.
One set of tongs was used to keep the source holder steady, while the other was
used to retrieve the encapsulated 137Cs source.
7. The encapsulated 137Cs source was then returned to the lead pig using 30 cm
tongs.
4.4 Results and Discussion
4.4.1 Experimental Results
4.4.1.1 Five minute collections without buildup cap
The charge collections that were made with the ion chamber over the five minute
interval, with and without the magnetic field applied, are shown in Appendix C
Tables C.1 and C.2 respectively. An average of the three timed collections were taken
for each case, and this value was used in future calculations. The standard deviation
was used as the error associated with the average measured charge.
The average measurements from Tables C.1 and C.2 were used as the photon only
73
and total (secondary electron and photon) measurements respectively. The secondary
electron correction factor was then calculated using Equation 2.1. The error associated
with the secondary electron correction factor was calculated using the rule for error
propagation when dividing two values. The equation used to calculate the error in
the secondary electron correction factor is shown in Equation 4.3 below, with x and y
representing the total and photon only dose measurements respectively, q representing
the secondary electron correction factor, and δ indicating the error associated with
the given value. The secondary electron correction factor that was calculated for this
experiment was 1.13 ± 0.04. The total and photon dose components, along with the












Table 4.1: Secondary electron correction factor calculated from experimental mea-
surements without buildup cap and five minute charge collections
Total Dose (pC) Photon Dose (pC) Secondary Electron Correction Factor
4.57 ± 0.04 4.1 ± 0.1 1.13 ± 0.04
4.4.1.2 Five minute collections with buildup cap
Tables C.3 and C.4 in Appendix C show the charge collected by the ion chamber with
and without the application of the magnetic field. These measurements were made
with the buildup cap on the ion chamber, and the charge collection was measured
over five minutes.
The same method that was used in Section 4.4.1.1, was used here to calculate the
secondary electron correction factor and the associated error. The secondary electron
correction factor was calculated using Equation 2.1, and the error was calculated
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using Equation 4.3. The secondary electron correction factor for this variation of the
experiment is shown in Table 4.2.
Table 4.2: Secondary electron correction factor calculated from experimental mea-
surements with buildup cap and five minute charge collections
Total Dose (pC) Photon Dose (pC) Secondary Electron Correction Factor
4.5 ± 0.1 4.0 ± 0.1 1.13 ± 0.04
4.4.1.3 Ninety second collections with buildup cap
The charge collected by the ion chamber using ninety second collection times, with
and without the application of the magnetic field are shown in Tables C.5 and C.6
in Appendix C. These measurements were made with the buildup cap on the ion
chamber.
The same method that was used in Section 4.4.1.1, was again used to calculate the
secondary electron correction factor and the associated error. The secondary electron
correction factor was calculated using Equation 2.1, and the error was calculated
using Equation 4.3. The secondary electron correction factor for this variation of the
experiment is shown in Table 4.3.
Table 4.3: Secondary electron correction factor calculated from experimental mea-
surements with buildup cap and ninety second charge collections
Total Dose (pC) Photon Dose (pC) Secondary Electron Correction Factor
1.5 ± 0.1 1.15 ± 0.09 1.3 ± 0.1
4.4.1.4 Ninety second collections without buildup cap
The charge collected by the ion chamber using ninety second collection times, with
and without the application of the magnetic field are shown in Tables C.7 and C.8
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in Appendix C. These measurements were made without the buildup cap on the ion
chamber.
The same method that was used in Section 4.4.1.1, was again used to calculate the
secondary electron correction factor and the associated error. The secondary electron
correction factor was calculated using Equation 2.1, and the error was calculated
using Equation 4.3. The secondary electron correction factor for this variation of the
experiment is shown in Table 4.4.
Table 4.4: Secondary electron correction factor calculated from experimental mea-
surements without buildup cap and using ninety second charge collections
Total Dose (pC) Photon Dose (pC) Secondary Electron Correction Factor
1.7 ± 0.1 1.3 ± 0.1 1.3 ± 0.1
4.4.2 PHITS Simulations of Experiment
Simulations of the experiment were done using PHITS to compare with the exper-
imental results. The model of the experimental setup that was created in PHITS
is shown below in Figure 4.15. This model includes the encapsulated 137Cs source,
the plastic source holder, neodymium magnets, and the ion chamber. In the PHITS
simulation, the ion chamber is represented by a spherical shell of C552 air equivalent
plastic. Simulations were run with a shell thickness of 1.03 mm and 0.5 mm, repre-
senting the ion chamber with and without the buildup cap respectively. In the PHITS
model, the spherical shell is filled with air, which was the gas in the active volume of
the ion chamber, and this region of air was the region in the simulation where energy
deposition was measured with a T-Heat tally.
The experimental setups with and without the buildup cap were simulated in PHITS.
In both cases, two separate PHITS simulations were run, one with and the other
without the application of the magnetic field. The geometry for the simulation with
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Figure 4.15: PHITS model of experimental setup
the magnetic field applied is shown in Figure 4.15. For this simulation a magnetic
field with a strength of 7.0 kG was specified in the source holder window region. The
geometry of the simulation with no magnetic field applied was the same as in Figure
4.15, except the cylindrical neodymium magnets were removed, and replaced with air,
and there was no magnetic field applied in the source holder window region. A two
dimensional cross-section of each geometry is shown in Figure 4.16 for comparison.
There is no material assigned to the source holder window region in the case where
the magnetic field is applied, because PHITS does not have the capability to simulate
a magnetic field in a region where a material is assigned. This is why the source
holder window region is void in the simulation with the magnetic field. However, this
should have minimal impacts on the accuracy of the simulation. Only photons are
being detected by the ion chamber in this setup, and changing the material from air
to a vacuum for the small window region will not greatly affect the attenuation of the
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photons traveling from the encapsulated source to the ion chamber.
Figure 4.16: Cross-sectional view of the geometry used in the PHITS simulation of
the experimental setup. The simulation where the magnet and magnetic field were
used is shown on the left, and the simulation where no magnet was used is shown on
the right.
The energy deposited in the air region of the ion chamber was tallied in each of the sim-
ulations. In the simulations without the magnet in place, both the total and photon
only doses were tallied. The photon only doses were tallied using the Counter function
in PHITS to tag the electrons leaving the encapsulation material, and these tagged
electrons were then not included in the T-Heat tally for the ion chamber air region.
This was done for both the setup with and without the buildup cap. The secondary
electron correction factor was then calculated in two ways for these simulations, one
using the Counter feature to eliminate the secondary electrons and the other using
magnetic deflection to eliminate the secondary electrons. With both methods, Equa-
tion 2.1 was used to calculate the secondary electron correction factor, and Equation
4.3 was used to calculate the error in the secondary electron correction factor. The
secondary electron correction factors obtained using both methods were compared in
order to determine whether scattering from the addition of the neodymium magnets
had an effect on the results. The secondary electron correction factors that were
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calculated in PHITS using both the tagging of secondary electrons leaving the encap-
sulation, and magnetic deflection of these secondary electrons are shown in Tables 4.5
and 4.6. Table 4.5 shows the secondary electron correction factors calculated using
both of these methods for the setup without a buildup cap, and Table 4.6 shows the
secondary electron correction factors for the setup with a buildup cap.
Table 4.5: Secondary electron correction factor calculated from simulation of experi-
ment without buildup cap
Total dose Photon only dose Secondary Electron
(MeV/source) (MeV/source) Correction Factor
Tagging electrons 5.98 ± 0.03 ×10−8 5.68 ± 0.03 ×10−8 1.05 ± 0.05
Magnetic deflection 5.98 ± 0.03 ×10−8 5.70 ± 0.03 ×10−8 1.05 ± 0.05
Table 4.6: Secondary electron correction factor calculated from simulation of experi-
ment with buildup cap
Total dose Photon only dose Secondary Electron
(MeV/source) (MeV/source) Correction Factor
Tagging electrons 5.59 ± 0.03 ×10−8 5.58 ± 0.03 ×10−8 1.00 ± 0.04
Magnetic deflection 5.59 ± 0.03 ×10−8 5.97 ± 0.03 ×10−8 0.94 ± 0.04
4.4.3 Discussion
The measured secondary electron correction factors for the experimental setup without
the buildup cap on the ion chamber were 1.3 ± 0.1 and 1.13 ± 0.04 for the ninety
second and five minute measurements respectively. The standard deviation for the
five minute measurements was significantly less than the standard deviation for the
ninety second measurements, indicating that the secondary electron correction factor
calculated from the five minute measurements was more accurate. The secondary
electron correction factor from the five minute measurements was also closer to the
simulation value of 1.05 ± 0.05 than the secondary electron correction factor from the
ninety second measurements. In fact, the secondary electron correction factor from
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the five minute measurements was within error of the PHITS value. Also, both PHITS
simulations, one using the Counter feature to eliminate the secondary electrons from
the tally and the other using magnetic deflection to eliminate the secondary electrons,
produced the same secondary electron correction factor. Therefore, no adjustments
needed to be made to the experimental secondary electron correction factors in order
to account for scattering from the neodymium magnets.
The experimental setup with the buildup cap on the ion chamber also measured sec-
ondary electron correction factors of 1.3 ± 0.1 and 1.13 ± 0.04 for the ninety second
and five minute measurements respectively. Again, the standard deviation in the five
minute measurements was significantly less than in the ninety second measurements,
indicating that the secondary electron correction factor from five minute measure-
ments was more accurate. The PHITS simulation using the Counter feature gave a
secondary electron correction factor of 1.00 ± 0.04. However, a secondary electron
correction factor obtained using this method that is less than one does not make
sense physically. Therefore, the secondary electron correction factor is in the range of
1.00-1.04. The PHITS simulation using magnetic deflection gave a secondary electron
correction factor of 0.94 ± 0.04. It is possible to have a secondary electron correc-
tion factor of less than one for this simulation, because photons scattering off the
neodymium magnets could be detected by the ion chamber. This would increase the
measured photon only dose, and decrease the secondary electron correction factor.
Comparing the secondary electron correction factors from both simulations, indicates
that the experimentally measured secondary electron correction factor will be ap-
proximately 6% less than the actual value, due to scattering from the neodymium
magnets. If the secondary electron correction factor obtained with the five minute
measurements was corrected for scattering, the new value would be 1.20 ± 0.04.
The experimental secondary electron correction factors measured in both versions of
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the experiment (with and without the buildup cap) were less than the factor of 1.45
obtained by Benner’s experiment in [5]. However, Benner’s experiment was done using
an encapsulated 226Ra source, as opposed to an encapsulated 137Cs which was used
in this experiment. The secondary electron correction factors obtained in the 137Cs
experiments were still less than the range of 1.25-1.45 recommended by NCRP-40 for
an encapsulated 137Cs source 1, and were less than both secondary electron correc-
tion factors (for the first 0.07 mm and first 1 mm of tissue) that were calculated with
PHITS for an encapsulated 137Cs source in contact with tissue (Table 3.7). The sec-
ondary electron correction factor for an encapsulated 226Ra source that was obtained
in Benner’s experiment, was also significantly less than the secondary electron cor-
rection factors obtained with PHITS for the first 0.07 mm and first 1 mm of tissue in
direct contact with the encapsulation. It is evident that experimental measurements
of secondary electron correction factors using ion chambers and magnetic deflection of
electrons do not match well with values obtained through Monte Carlo simulations of
the encapsulation-tissue interface. To understand why this is, the electron spectrum
emitted from the surface of the encapsulation must be examined in detail.
Both the photon and electron fluxes coming off of the encapsulated 137Cs source used
in the experiment were calculated in PHITS. These fluxes were calculated using a
T-Track tally for the first 1 mm of air surrounding the stainless steel encapsulation.
The geometry of the simulation is shown in Figure 4.17.
1The secondary electron correction factors obtained from the experiments using ninety second
collection times actually fall into the 1.25-1.45 range recommended by NCRP-40. However, the
secondary electron correction factors obtained using five minute collection times were considered to
be more accurate, as their standard deviation was lower and they were closer to the values given by
the PHITS simulations.
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Figure 4.17: Cross-section (left) and overhead view (right) of PHITS geometry used
to calculate the photon and electron spectra emitted from the encapsulation
Figure 4.18 shows the calculated photon and electron spectra emitted from the surface
of the stainless steel encapsulation of the encapsulated 137Cs source. The secondary
electrons emitted from the stainless steel encapsulation range in energy from just
above 0 keV to 662 keV. Most of the secondary electrons are at the lower energy range
of the spectrum with energies below 400 keV. However, there is also a considerable
flux of electrons with energies ranging from just over 500 keV to the maximum energy
of 662 keV.
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Figure 4.18: Photon and electron flux near the surface of the encapsulation
Figure 4.19 shows the range of electrons in air for the energy spectrum of the electrons
encountered in this experiment. The distance from the ion chamber to the stainless
steel encapsulation of the source is just under 1 cm in the experimental setup. The
range of almost all the secondary electrons emitted from the encapsulation is much
greater than 1 cm. Therefore, the vast majority of secondary electrons that are emitted
from the stainless steel encapsulation, would make it to the ion chamber. Only those
secondary electrons with energies below 25 keV would have insufficient range to travel
the distance between the encapsulation and the ion chamber, however this is a very
small portion of the secondary electron spectrum.
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Figure 4.19: Range of electrons in air as a function of electron energy [12]
Figure 4.20 shows the range of electrons in the ion chamber wall material (C-552
Air Equivalent Plastic). In order to reach the air cavity of the A12S ion chamber,
the secondary electrons have to pass through 1.03 mm or 0.5 mm of C-552 plastic,
depending on whether or not the buildup cap is placed on the ion chamber. Referring
to Figure 4.20, this means that the secondary electrons need to have energies above
450 keV (with buildup cap) or 300 keV (without buildup cap) in order to be detected
by the ion chamber. Therefore, only a portion of the secondary electron spectrum is
being detected in this experiment. However, if the thickness of the C-552 wall was
decreased further, this would also decrease the buildup needed for photon detection.
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Figure 4.20: Range of electrons in wall of A12S ion chamber (C-552 air equivalent
plastic) as a function of electron energy [12]
As is shown in Table 3.7, the secondary electron correction factor for contact dose is
not one set value for each source, but changes drastically depending on the thickness
of tissue that it is calculated for. This is why it is important to clearly define the geom-
etry that is used in the calculation of any secondary electron correction factor. Even
when measuring secondary electron correction factors experimentally, factors mea-
sured with different ion chambers will also not necessarily be the same. As discussed
above, the measured factor will change depending on the chamber wall thickness. It
is therefore difficult to attribute a secondary electron correction factor obtained from
ion chamber measurements, to a secondary electron correction factor for tissue in
contact with the encapsulation. An ion chamber is simply a different geometry than
the tissue layer in direct contact with the encapsulation, so the secondary electron
correction factors will be different in both cases.
It is recommended that for estimating dose from accidental exposures with encapsu-
lated gamma sources, that secondary electron correction factors be obtained through
Monte Carlo simulations, where the desired tissue thickness can be used in contact




The objectives of this thesis were to obtain contact dose conversion factors and
secondary electron correction factors for encapsulated 137Cs, 60Co, 192Ir, and 226Ra
sources, investigate the change in secondary electron emission with the change in
encapsulating material, calculate contact dose conversion factors and secondary elec-
tron correction factors for more encapsulated gamma sources beyond those listed in
NCRP-40, and determine whether the experiment used to determine the secondary
electron correction factors in NCRP-40 was valid by repeating the experiment using
modern equipment and techniques.
Contact dose conversion factors were calculated with PHITS for the first 0.07 mm
and first 1 mm of tissue. In both cases, the dose rates that were calculated from
photons only were significantly lower than the corresponding photon only dose rates
predicted by NCRP-40. The secondary electron correction factors that were calculated
for the first 0.07 mm of tissue were all several times higher than the 1.25-1.45 range
given in NCRP-40. The secondary electron correction factors for the first 1 mm of
tissue were all outside the 1.25-1.45 range, except for the 137Cs correction factor.
For both the 0.07 mm and 1 mm calculations, once the secondary electron correction
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factors were applied, the total contact dose conversion factors were all significantly
less than total contact dose conversion factors listed in NCRP-40. In fact, the total
contact dose conversion factors calculated with PHITS were still less than the photon
only conversion factors given in NCRP-40. The total contact dose conversion factors
calculated with PHITS for the first 0.07 mm of tissue were 24-50% less than the NCRP-
40 photon only conversion factors, and the PHITS total contact dose conversion factors
were 46-56% less than the NCRP-40 photon only conversion factors. The PHITS and
NCRP-40 conversion factors are compared in Tables 5.1 and 5.2. Therefore, NCRP-40
is overestimating the overall contact dose for all of the sources presented. It was also
shown that the secondary electron contribution is not well described in NCRP-40.
Not only does NCRP-40 not provide precise secondary electron correction factors for
all of the sources listed, but the range of correction factors presented in NCRP-40
underestimates the secondary electron contribution to the contact dose in almost all
cases.
Table 5.1: Comparison between PHITS contact dose conversion factors for the first
0.07 mm of tissue and NCRP-40 photon only contact dose conversion factors (mSv/h
assuming a 1 MBq source)
Nuclide NCRP-40 Photon PHITS Total Percent Difference
Only Dose Dose
137Cs 7.82 4.94 -36.8%
60Co 31.63 15.58 -50.74%
192Ir 12.4 9.42 -24.0%
226Ra 19.97 13.40 -32.90%
Curves for each of the four sources listed in NCRP-40 were calculated using PHITS
to show how the secondary electron correction factor changed with a change in en-
capsulation material. The results showed that the effective gamma energy of the
source determined how the secondary electron correction factor changed with respect
to the atomic number of the encapsulation material. The curve for an encapsulated
226Ra source followed the same trend as shown by Quimby in [6], with the minimum
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Table 5.2: Comparison between PHITS contact dose conversion factors for the first
1 mm of tissue and NCRP-40 photon only contact dose conversion factors (mSv/h
assuming a 1 MBq source)
Nuclide NCRP-40 Photon PHITS Total Percent Difference
Only Dose Dose
137Cs 7.82 4.18 -46.5%
60Co 31.63 13.62 -56.94%
192Ir 12.4 6.16 -50.3%
226Ra 19.97 10.14 -49.22%
amount of secondary electrons generated for medium atomic numbers, and the most
generated with high atomic number encapsulations. The secondary electron curve
for an encapsulated 137Cs source also followed this same general trend. However, the
secondary electron curves for encapsulated 60Co and 192Ir sources did not follow this
trend. With increasing encapsulation atomic number, the secondary electron correc-
tion factors for 60Co decreased, whereas the secondary electron correction factors for
192Ir increased. These results were explained by the mathematical relationship derived
by Wilson in [14], and how the photoelectric cross-section changes depending on the
gamma energies emitted by the source inside the encapsulation.
Contact dose conversion factors were calculated using PHITS for a variety of gamma
sources that were not included in NCRP-40. This list of additional gamma sources
was comprised of the gamma sources available in the Eckert & Ziegler catalogue [23].
The contact dose conversion factors were calculated for both the first 0.07 mm and
first 1 mm of tissue, and used stainless steel encapsulation with the dimensions listed
in NCRP-40. For each contact dose conversion factor that was calculated, the photon
only dose conversion factor was listed along with the secondary electron correction
factor. A total contact dose conversion factor was also listed for each nuclide, which
was obtained by multiplying the photon only contact dose conversion factor by the
secondary electron correction factor.
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A modernized version of the experiment presented by Benner in [5], was conducted in
order to measure the secondary electron correction factor for an encapsulated 137Cs
source. The secondary electron correction factor was measured with and without a
137Cs buildup cap on the ion chamber. In both cases, the secondary electron correction
factor measured in the experiment was much lower than the values predicted by the
PHITS simulations in Chapter 3, with tissue as the detector layer in contact with the
encapsulation. It was shown that the ion chamber used in the experiment was only
detecting a portion of the secondary electron spectrum that was emitted from the
encapsulated source, which led to lower than expected secondary electron correction
factors. In addition to this, it was shown that having just one secondary electron
correction factor for a given encapsulated source is not adequate, as the secondary
electron correction factor will vary greatly for different geometries.
The contact dose conversion factors that were calculated with PHITS all used a stain-
less steel encapsulation with the dimensions given in NCRP-40. The secondary elec-
tron curves can then be used to estimate the secondary electron correction factors for
encapsulations made of materials other than stainless steel. However, there are many
different encapsulation designs that are commercially available. For future work, it is
recommended that contact dose conversion factors and secondary electron correction
factors be calculated for a wider variety of encapsulation geometries.
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Sample PHITS Input File
[ T i t l e ]
Cs-137 Specific gamma ray constant
[ P a r a m e t e r s ]
icntl = 0
maxcas = 10000000 # (D=10) number of particles per one batch
maxbch = 1 # (D=10) number of batches
emin(2) = 1.000000000E-10 # (D=1.0) cut-off energy of neutron (MeV)
dmax(2) = 20.0000000 # (D=emin(2)) data max. energy of neutron (MeV)
emin(12) = 1.000000000E-03 # (D=1.d9) cut-off energy of electron (MeV)
emin(13) = 1.000000000E-03 # (D=1.d9) cut-off energy of positron (MeV)
emin(14) = 1.000000000E-03 # (D=1.d9) cut-off energy of photon (MeV)
dmax(12) = 1000.00000 # (D=emin(12)) data max. energy of electron (MeV)
dmax(13) = 1000.00000 # (D=emin(13)) data max. energy of positron (MeV)
dmax(14) = 1000.00000 # (D=emin(14)) data max. energy of photon (MeV)
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igamma = 2 # (D=0) 0:No, 1:Old, 2:EBITEM, 3:EBITEM+Isomer
#ipnint = 1
file(7) = c:/Users/Eric/Desktop/phits/data/xsdir.jnd # nuclear data
file(14) = c:/Users/Eric/Desktop/phits/data/trxcrd.dat #photon data
imagnf = 1
file(6) = phits_Cs-137.out
[ T r a n s f o r m ]
set: c10[0] $ angle of around Z (degree)
set: c20[0] $ angle of around Y (degree)
set: c30[-90] $ angle of around X (degree)











tr2 0 0.5 0
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[ S u r f a c e ]
10 so 500.
11 sx 100 1.0
[ C e l l ]
100 -1 10
101 3 -0.001205 -10 #102
102 3 -0.001205 -11

































































title = Check geometry
epsout = 1
















title = Check geometry
epsout = 1
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part = photon electron (photon electron)
unit = 2 # unit is [MeV/source]




PHITS Simulation using Different
Seeds
The dose to the first 1 mm of tissue in contact with an encapsulated 137Cs was simu-
lated forty times with 2 million particles, using different initial seeds each time. Each
initial seed was selected based on the starting time of the simulation. The results
are shown below in Figure B.1. From these forty simulations, the average energy
deposited, standard deviation, and average relative error (standard deviation divided
by the average) were calculated. The results are shown in Table B.1.
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Figure B.1: Forty trial simulations with PHITS each using different initial seeds.
These simulations calculated the dose to the first 1 mm of tissue in contact with an
encapsulated 137Cs source.
Table B.1: Average results based on forty trial simulations in PHITS with different
initial seeds
Average (MeV/source) Standard Deviation (MeV/source) Average Relative Error
1.71 ×10−3 1.62 ×10−5 0.009
The simulation for the dose to the first 1 mm of tissue in contact with an encapsulated
137Cs source that was used for the result presented in Table 3.5, gave a deposited
energy of 1.7243× 10−3 MeV per source particle and a relative error of 0.0125. This
value is within error of the average value calculated based on the forty simulations
with different initial seeds. This shows that using 2 million particles for the contact





Table C.1: Charged measured by ion chamber in five minute intervals without buildup
cap and with magnetic field applied
Charge Collected by Ion Chamber Average Charge
in Five Minutes (pC) Collected (pC)
3.870 4.1 ± 0.1
4.173
4.118
Table C.2: Charged measured by ion chamber in five minute intervals without buildup
cap and no magnetic field applied
Charge Collected by Ion Chamber Average Charge
in Five Minutes (pC) Collected (pC)




Table C.3: Charged measured by ion chamber in five minute intervals with buildup
cap and magnetic field applied
Charge Collected by Ion Chamber Average Charge
in Five Minutes (pC) Collected (pC)
4.186 4.0 ± 0.1
3.904
3.954
Table C.4: Charged measured by ion chamber in five minute intervals with buildup
cap and without magnetic field applied
Charge Collected by Ion Chamber Average Charge
in Five Minutes (pC) Collected (pC)
4.499 4.5 ± 0.1
4.438
4.663
Table C.5: Charged measured by ion chamber in ninety second intervals with buildup
cap and magnetic field applied
Charge Collected by Ion Chamber Average Charge
in Ninety Seconds (pC) Collected (pC)











Table C.6: Charged measured by ion chamber in ninety second intervals with buildup
cap and without magnetic field applied
Charge Collected by Ion Chamber Average Charge
in Ninety Seconds (pC) Collected (pC)










Table C.7: Charged measured by ion chamber in ninety second intervals without
buildup cap and with magnetic field applied
Charge Collected by Ion Chamber Average Charge
in Ninety Seconds (pC) Collected (pC)











Table C.8: Charged measured by ion chamber in ninety second intervals without
buildup cap and without magnetic field applied
Charge Collected by Ion Chamber Average Charge
in Ninety Seconds (pC) Collected (pC)
1.495 1.7 ± 0.1
1.686
1.629
1.759
1.797
1.769
1.573
1.731
1.581
1.997
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